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COMMISSIONING & CHARACTERIZATION OF MAGNETIZED
GRIDDED THERMIONIC ELECTRON SOURCE
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Director: Dr. Helmut Baumgart
Collaborative efforts to design and fabricate a magnetized gridded thermionic electron
source have been conducted between Xelera and Jefferson Lab. Commissioning and charac-
terization of an electron gun fabricated by Xelera was performed to benchmark the viability
of future electron source designs and capabilities. The work involved simulation, installation,
trouble-shooting, modifications of the design, commissioning, characterization, and magne-
tization of the electron beam produced. A specially designed cavity as well as novel diag-
nostic tools and methods were developed, implemented, and experimentally tested. Finally,
the gun was used to demonstrate a previously unachieved current of magnetized electron
beam from a gridded thermionic source of this uniquely compact size. This thesis addresses
the following scientific and technological challenges: building a compact gridded thermionic
electron source, producing high current magnetized electron beam, and demonstrating novel
characterization measurements for magnetized beam.
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This thesis aims to commission and characterize a compact gridded thermionic electron
source, demonstrate its functionality as a robust electron source that can be used to produced
magnetized bunched beam, and improve existing methods of characterizing magnetized
beam.
This research provides solutions to questions of how to integrate design components so
that they are compact and localized to the high voltage platform of the electron gun; without
significant electrical interference. It provides methods of overcoming errors in important
beam characteristic measurements such as bunch length and uncorrelated emittance for
magnetized beam. The research demonstrated the viability of utilizing this technology as
a reliable source of high current magnetized beam. The impact of this research is made
clear by the fact that the gridded thermionic gun has been immediately put to use for two
experiments at Thomas Jefferson National Accelerator Facilitys (JLab) Gun Test Stand
(GTS).
The creation of a functional compact magnetized thermionic electron source was achieved
through a process of troubleshooting every component of the thermionic gun until a working
configuration was established, followed by the commissioning process detailing all aspects of
gun operation and control. Then the beam properties were characterized to ensure the phys-
ical properties of the beam match theoretical and designed behavior. Beyond the compact
design, magnetized beam was achieved and measured using a gridded thermionic source,
which has not been demonstrated previously. New methods of characterization of magne-
tized beam were utilized and the results of measurements clearly show the usefulness of a
novel diagnostic technique for bunch length measurements. Finally, high current magnetized
beam, not previously achieved by this kind of technology, was measured. The robust nature
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of the electron source was unintentionally tested by an unexpected vacuum loss, but the
recovery of the source shortly after the event confirms its reliability.
1.1 BACKGROUND
Research at JLab’s GTS has focused on developing electron sources for the purpose of
Ion cooling as well as other potential industrial application [1, 2, 3]. Both of these aims,
require robust high-current electron sources. A gridded thermionic electron source or gun
could be an ideal technology, capable of producing bunched beam without the use of chopper
and buncher cavities. Historically, thermionic electron guns produced a continuous beam
of electrons that were then bunched by a series of specially designed RF cavities called
chopper and bunching cavities that would remove portions of the continuous DC beam and
then compress the remaining sections of beam into bunches. Creating a compact electron
source able to produce bunched beam without the use of chopper and buncher cavities
would be useful in building commercially practical accelerators by minimizing the physical
footprint as well as building material costs.
JLab has dedicated a significant amount of research towards electron beams from photo-
cathodes which operate via the photoelectric effect. Specially grown semiconductor cathodes
are excited with laser light to produce the electron beam. This mechanism of emission is ex-
tremely beneficial because the bunch properties can be very accurately controlled by varying
the laser conditions. However, when compared to thermionic cathodes, it has been difficult
to draw substantial current from photocathodes for extended lifetimes. Photocathodes can
have efficient operation lifetimes of 1000 hours or more; while thermionic cathodes have
an operational life time ranging from 7000-30000 hours [4, 5]. Photocathodes require high
vacuum conditions compared to thermionic sources and are acutely susceptible to ion back-
bombardment. Generally, the semiconductor cathodes have a comparatively short lifetime
of useful quantum efficiency; as opposed to the longevity found in thermionic cathodes.
Functionally, a gridded thermionic gun adds a third electrode to the normal anode/cathode
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system which can be utilized to suppress the emission process; effectively bunching the beam
at the source [6]. Thermionic cathodes are robust, long lived, and efficient electron emitters;
easily producing high average currents. The Y-845 cathode used in this research is rated to
produce 1.25 A of current; far above the design requirements. The drawbacks are on the dif-
ficulty of producing well-formed bunches for modern high-precision accelerator applications.
Revitalized interest in this older technology and potential improvements are of significant
use to the field of accelerator science, both in national laboratories and industry.
This project was proposed as a collaborative effort, between JLab and Xelera, to test this
technology as a proof-of-concept attempt at creating an electron source that would have re-
liable long run times for high current magnetized beam. If successful, a higher energy design
could have been constructed for the proposed Electron Ion Collider (EIC). Magnetization
was of particular interest for JLab’s proposed EIC because the cooling efficiency could be
increased by two orders of magnitude by improving a process known as bunched beam
electron cooling (BBEC) [7, 8]. If the beam is magnetized, the electron bunch within the
solenoid cooling channel does not follow typical Larmor rotations reducing recombination
and maintaining coulomb interaction. The coulomb interaction transfers energy from the
ion beam to the electrons, reducing the energy spread and ”cooling” the ion beam. The term
magnetization is meant to convey inherent angular-momentum induced by a magnetic field
perpendicular to the emission surface. This use of magnetized beam in future EIC designs
was a large motivator for this research and could still require BBEC in future designs.
These motives are what drove interest in the development of a thermionic electron sources
capable of this high-current magnetized beam. The design for JLEIC has been denied in
favor of eRHIC; the design at Brookhaven National Lab. eRHIC upgrades may still require
magnetized beam, and the field is still being studied. This research is also relevant for
advancement of the technology in other applications such as flat-to-round beam transfor-
mation. This is discussed further in Chapter 2.
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1.1.1 INITIAL RESEARCH GOALS
Initially, the research was intended to focus on beam dynamics and characterization of a
functional gun produced by Xelera. The early research performed included use of simulations
to optimize modifications to the GTS diagnostic beamline, and the design and fabrication
of unique diagnostic tools. Specifically, a deflector cavity and a 1-dimensional pepper-pot
(1DPP); both motivated by improving diagnostic capabilities for magnetized beam. These
improved diagnostics would then be used to fully characterize the electron source produced
by Xelera over a wide range of beam conditions and magnetization values. The work also
included the physical modifications to the beamline including all of the vacuum required to
install beamline components and the thermionic source that was to be manufactured and
commissioned by Xelera.
The early design of the electron gun was heavily influenced by a thermionic electron
source built at TRIUMF in Vancouver, British Columbia Canada [9]. The conceptual design
and operation were inspired by TRIUMF, but with modifications to allow high-voltage (HV)
components. Introducing a compact HV containment of all the components would be unique
in itself with obvious industrial applicability for minimizing material cost as well as mobility
of the machine being made.
When the research began the intended objectives, after receiving a commissioned gun
from Xelera, included the following:
• Characterize bunched beam length, normalized transverse emittance, and thermal
emittance over a range of bunch charges.
• Characterized magnetized beam angular-momentum, bunch length, normalized trans-
verse emittance, and uncorrelated emittance over a range of bunch charges and solenoid
currents.
• Demonstrate long duration production 65 mA of highly magnetized beam with a
specific normalized transverse emittance value of 36 mm-mrad.
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However, JLab did not receive a working electron source form Xelera, so these objectives
were expanded and updated.
1.1.2 FINAL OBJECTIVES OF RESEARCH
When Xelera was unable to deliver a functional thermionic gun, the research became
heavily focused on taking the materials provided by Xelera to create a working electron
source. The product received from Xelera was not functional and required modifications.
The issues discovered during the initial commissioning process at JLab required modifi-
cations to the design. Significant effort was put into rebuilding and reconfiguring many
aspects of the source. The body of research now includes all commissioning aspects that
was planned to be performed by Xelera. The work required design reconfigurations, com-
missioning, and characterization of components for gun operation and controls. Finally,
after characterizing the beam properties, high-current magnetized beam was demonstrated
and the angular-momentum of the beam was characterized.
The final objectives of this research are as follows:
• Design, construct, and commission a compact gridded thermionic electron source.
• Characterize bunch length, normalized transverse emittance, and thermal emittance
of beam produced by the thermionic electron gun.
• Characterized magnetized beam angular-momentum, bunch length, and normalized
transverse emittance over a range of solenoid currents.
• Demonstrate currents up to 20 mA and production of high current strongly magnetized
beam from the compact gridded thermionic electron source.
1.2 DIAGNOSTIC BEAMLINE
In order to complete these objectives a diagnostic beamline is necessary to commission
and characterize properties of the gun and beam. The combined efforts of JLab and Xelera
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Research Inc. has resulted in the complete fabrication, commissioning, and characterization
of a gridded thermionic electron source that is uniquely compact, capable of producing
stable high average currents, with macro-pulsing capabilities, and potential for magnetized
beam. The cross-sectional view of the source is shown in Fig. 1.
Fig. 1: GRIDDED THERMIONIC e− SOURCE
Fig. 1 displays the isolation transformer that supports the high voltage components
and supplies electricity (through the transformer) that powers the bias and current power
supplies and RF components used to operate the source. The RF transmission line extends
through the insulating ceramic to the cathode. The system is enclosed in a grounded faraday
cage that allows a high voltage cable to be fed through the back and the beamline to connect
to the gun in the front. The spool shown protruding from the front of the grounded enclosure
is connected to a short diagnostic beamline shown in Fig. 2.
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Fig. 2: BEAMLINE
This beamline was used to characterize the electron beam and assist in the commissioning
process. The labels for Fig. 2 are as follows: (a) Grounded Enclosure (b) Magnetizing
Solenoid (c) YAG Viewer/Slit (d) YAG Viewer/1D Pepper-Pot (e) Deflecting cavity (f)
YAG Viewer (g) Beam Dump.
The design of this compact gun, results of the commissioning process and beam charac-
teristics will all be presented in this document.
This technology could be immediately valuable for other work currently being developed
at JLab. Two experiments, to be described later, are already planned at JLab GTS that
could use this source.
1.3 GRIDDED THERMIONIC SOURCE OPERATION
Thermal emission is achieved by a heater element within the cathode providing thermal
energy to a level at which the electrons overcome the material’s work function and are freely
emitted from the cathode surface. Gridded thermionic emission functions by using a triode
system of HV cathode, grounded or biased anode, and a grid. A potential on the grid
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suppresses the gradient between the thermally excited electrons at the emission surface and
the accelerating electric field across the anode cathode gap. A superimposed sinusoidal RF
Voltage is applied to the grid allowing for bunched electron emission at the frequency of RF
applied to the grid. See Fig. 3.
To model emission, we apply V = IR. The current is a result of the effective voltage
present at the cathode.
Applying a bias voltage (Ub) and RF voltage (Urf ) above the cut-off voltage (Uc: the
potential that suppresses the electron emission) produces a truncated cosine bunch emitted
from the cathode, shown in Fig. 3. Taking the transconductance (g21) as 1/R, the current
profile can be calculated as:
I = g21Veff (1)
I(t) = g21((Urf cos(wt) + Ub)− Uc) (2)
Fig. 3: CURRENT PROFILE
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The exchange in values of g21, Ub, Urf , and Uc determine not only bunch charge and
therefore average current, but also bunch length. Commissioning is the vital process of
making the gun operational and ensuring it can be operated in a predictable way based on
control of these values.
The design of the gun from Xelera applies a bias potential to the cathode surface while the
grid is locally grounded to the HV electrode. This means that the polarity of the bias must
be positive to attract/retain electrons at the cathode surface and away from the relatively
negatively charged grid. The bunches are still formed by the oscillating RF voltages. This
method of bunch formation is interesting because, in principle, an arbitrary current profile
could be generated by layering sub-harmonic frequencies and amplitudes. Although this
idea was not utilized in this work, the concept is further explained in Appendix B and could
be of great value to future research.
1.4 MAGNETIZATION
Section 1.1 gives some information to the importance of magnetized beam research. More
than just EIC designs, magnetization could have several other important applications.
Magnetized electron bunches are generated when the source cathode is immersed within
a magnetic field that has a perpendicular field component, typically provided by one or
more solenoids. Due to the conservation of momentum, electrons gain angular-momentum
as they exit the magnetic field and maintain this canonical angular-momentum throughout
their transport [10].
For a transversely cylindrically symmetric Gaussian beam with a rms of σc, the average
intrinsic canonical angular-momentum, < L >, is given by Eq. 3, where e is the elementary
charge of an electron and Bz is the perpendicular magnetic field strength at the cathode.
There is an obvious trade-off between larger σc and lower Bz. A larger emitting radius is
desirable to produce higher current and it also reduces the field strength required to attain
a specific angular-momentum. Magnetization is provided by the perpendicular component
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of the field and it can be challenging to maintain a uniform field over the entire emitting
surface, which requires careful magnet design.
< L >= eBzσ
2
c (3)








< L > directly effects beam properties such as emittance, ε. The magnetized emittance,
εm, is a result of a linear correlation in the x, py and y, px (alternatively r, pφ) planes of the 6D
phase space. Removing the angular-momentum leaves the typical uncorrelated emittance,
εu, from thermal electron energy at the cathode, non-linear fields, and space-charge forces
within the bunch.
ε2 = ε2m + ε
2
u (5)
The angular-momentum and inherently increased emittance complicates some of the
beam dynamics, but it also allows for interesting transformations like making a round beam
become a flat beam with the application of skewed quadrupoles [11].
1.5 XELERA’S CONTRIBUTIONS
The agreement for the collaboration between JLab and Xelera was that they would
perform the source design, fabrication, and initial commissioning work. Intending for a
functional electron source to be delivered to JLab’s GTS. Then a detailed study of the beam
dynamics and characterization would be performed for a wide range of beam conditions and
magnetization levels. This left the diagnostic beamline design and diagnostic tools to be
designed, built, tested and used as the main body of work. Xelera intended to deliver a
11
working thermionic electron gun with the initial design permeameters shown in Table 1.
The design parameters had to be modified and these final values are also shown in Table 1.
The reasons for the parameter changes are explained in greater detail in Chapter 3.
Parameter Inital Final
Nominal Qb 130 pC 40 pC
Average Current 65 mA 20 mA
Frequency 500 MHz 500 MHz
Energy 125 keV 90 keV
TABLE 1: DESIGN PARAMETERS
Xelera did extensive simulations and optimization for the electrostatic design of the
anode cathode geometries as well as the magnetization process using field maps of the
solenoid on the GTS beamline. They machined and purchased the hardware for the HV
components, termed the “hot deck”, and purchased the high voltage power supply. All
components were purchased with the goal of a 125 kV gun capable of producing 65 mA
operating at 500 MHz. Their team designed the RF transmission line and did the machining
for that too. The electrodes were shipped to JLab where I mechanically and hand polished
them under the supervision of Dr. Hannon. They were then shipped back to Xelera for
them to build the gun and begin the commission process.
Xelera tested each component in a bench top condition, but never completed the gun
build to test if the system worked as a whole. Six months of delays in fabrication and
delivery forced the commissioning and troubleshooting to be performed at JLab, rather
than by Xelera. They did not test high voltage or activate the cathode (commissioning tasks
described later). The gun was delivered under vacuum without the hot deck components
connected along with the high voltage power supply. The vacuum had to be broken briefly
to connect the gun to the beamline.
There were several issues that arose when it arrived at JLab that is summarized in the
next section. Fixing these issues became a large aspect of the work. It was only after a
great deal of effort that it was able to be commissioned and characterized.
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1.5.1 BRIEF DISCUSSION OF ISSUES
Shortly after connecting the components of the hot deck, design issues began to be
noticed. The RF transmission line did not fit properly into the stalk to connect with the
cathode so that required a modification performed at JLab. When measuring RF power
through every component of the system, it was found that some bad RF cables had been
used, causing huge impedances. The bias voltage power supply purchased by Xelera had
to be controlled remotely, but was not designed to provide the correct polarity in remote
control mode. The fiber-optic transceivers intended to control the macro-pulsing, purchased
by Xelera, had far too low of a sample rate to effectively trigger the pin modulator. The
layout of the hot deck components caused significant electrical interference making most
components unstable or unreliable.
All of those problems led to a redesign of the hot deck component interconnections, a
modification to the RF transmission line, new RF cables to be installed, and a custom-built
fiber-optic transceiver to bypass the design in the bias power supply allowing for the required




A compact grided thermionic gun intended for production of magnetized beam is a unique
body of work. There are no other examples of this technology in this exact context. There
are several examples of gridded thermionic sources and research for magnetized beam. This
chapter briefly gives some examples of research on both topics and provides discussion on
how this thesis combines and advances both subjects.
2.1 TRIUMF
The gridded thermionic source that inspired the design of the electron gun being tested
at the GTS uses a 300 kV DC potential and operates at a frequency of 650 MHz to provide
up to 10 mA. This source is part of the Advanced Rare Isotope Laboratory (ARIEL) at
TRIUMF [12].
The source is comprised of a CPI Y-845 gridded cathode, and an in-air HV power supply.
Their injector design requires a buncher cavity in front of the first accelerating cavity to
achieve a pulse length of 137 ps. Some of the unique features of the gun are its cathode/anode
geometry to reduce field emission, and the transmission of RF via a dielectric (ceramic)
waveguide through the SF6.
The waveguide is 1.2 m in length and consists of a solid Al2O3 rod. On both ends there
are matching RF chokes to transport an electromagnetic wave through the ceramic. Four
Watts of power is required to produce the 186 peak RF voltage at the grid to produce their
design current. As the current increases, the beam loading causes the power requirements
to increase. The standard operating current of 10 mA requires a DC bias voltage of -187 V.
The normalized emittance has to be less than 5 mm-mrad to be successfully transported
to the target at TRUIUMF. When tested, the gun was measured to have a normalized
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rms transverse emittance of 5.5-7.8 mm-mrad which is larger than initially designed for.
The normalized emittance is an important value that will be explained in more detail in
Chapter 5.
2.1.1 DISCUSSION
The 650 MHz TRIUMF gun operates at a higher energy (300 kV) and lower current
(10 mA) than the design from Xelera, but is a gridded thermionic source that worked as a
foundation that we aimed to improve or modify for our specific purposes. The frequency
for JLab’s source is 500 MHz and the RF transmission is greatly simplified with a smaller
design. Notably, the source at TRIUMF is non-magnetized and not compact. A buncher
cavity is still required for its standard operation. The design for the source in this research
is not only more compact, but was demonstrated to produce higher currents than the source
at TRUIMF while also being magnetized.
2.2 RIKEN SPRING-8 CENTER: GRIDDED THERMIONIC
SOURCE
A group of researchers in Japan have recently developed an electron source that utilizes
the same cathode as our design and operates at an energy comparable to our characterization
measurements [13]. Lending an opportunity for comparison. Their source is intended for
X-ray and soft X-ray free-electron lasers.
Photocathode guns have been used in many facilities for this purpose. They provide
low emittance beam and have a more compact size. The photocathode however requires a
complex laser system usually at ultraviolet wavelength, which demands laser specialists to
maintain stable and reliable operations.
A thermionic gun is nearly maintenance free so this motivated their development of a
new source. Their design requires a large oil-filled high voltage pulse modulator to generate
a microsecond 500 keV beam. They also require a beamline chopper system to make a short
pulse of 1 ns from the microsecond long bunch. The high energy preserves the low beam
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emittance by making space charge a non-dominant effect.
They modified the conventional radio-frequency gun concept by using a 50 kV gun with
a gridded thermionic cathode operating at 238 MHz that is immediately connected to an
accelerating cavity that allows them to reach the 500 keV energy.
They built a gun test stand to verify the beam performance, and measured a 1 nC bunch
with normalized emittance of 2 mm-mrad, and pulse length of 0.7 ns after the chopper.
2.2.1 DISCUSSION
This design is different from the gun at GTS, having no aims at compact size. However,
it does represent the frontier of research utilizing this kind of source. One can reliably
compare characteristic values of this non-compact source to the source at GTS by virtue
of the same cathode grid and similar initial beam energies. Although the bunch charge is
significantly different, the space charge effect is negligible due to the immediate acceleration
to relativistic conditions. Their body of work does not include any diagnostic measurements
of thermal emittance to compare and once again no magnetization was applied to this beam.
2.3 JLAB’S WORK ON MAGNETIZED BEAM
Diverging from the past two sections, the following sections focus on photoguns, but
their work is related to magnetized beam. JLab’s previous research on magnetized beam
production by photoguns was in support of the proposed electron ion collider (EIC) for the
next generation of accelerator facilities. The average current for these sources must be high
and must have the ability to support long term current production with minimal down times
[1,2,3].
Before the work on a thermionic source, the GTS housed a compact 300 kV DC high
voltage photogun with an inverted insulator geometry, and alkali-antimonide photocathode
that was used to produce magnetized beam.
The photocathode lifetime was measured at currents up to 4.5 mA, with and without
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beam magnetization.
Photocathodes require much more stringent vacuum, and the vacuum was maintained
at 2× 10−11 Pa. The gun was high voltage conditioned with Kr gas processing to eliminate
field emitters; much like the thermionic gun, albeit at a much lower voltage. The photogun
was conditioned to 360 kV and operated at or below 300 kV.
To magnetize the electrons, a solenoid magnet was positioned at the front of the gun;
with the solenoid center 20 cm away from the photocathode. The solenoid required currents
of 400 A to reach high magnetization due to the small laser spot size. This was the same
solenoid used to magnetize the thermionic electron gun.
Beam magnetization was studied as a function of magnetic field at the photocathode.
Magnetized beam at 4.5 mA was demonstrated and a limited charge lifetime of 164.2 C was
obtained.
2.3.1 DISCUSSION
The gun tested previously at JLabs GTS was not a thermionic source, but a photocathode
driven source. The work done did provide valuable information regarding measurements of
magnetization, the challenges involve emittance measurements as well as beam transport.
The main benefit of attempting to improve on this source by changing to a thermionic source
is the robust nature of how the electrons are produced. Thermionic cathodes have extremely
long lifetimes at high current with the capacity to resist issues of ion back bombardment
as well as having lower vacuum requirements. The photocathode was tested for lifetime
duration at 4.5 mA of magnetized beam. The thermionic cathode could be expected to run
reliable for extended periods of time at the 11 mA of magnetized current that is documented
in this research.
2.4 FERMILAB’S WORK ON MAGNETIZED BEAM
Fermilab Accelerator Science and Technology (FAST) facility has also performed work
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on magnetized beam, and is an ongoing point of interest for their work. FAST is a supercon-
ducting 300 MeV electron linac [11,14]. FAST includes a 50 MeV photoinjector. The term
they use in their papers is canonical-angular-momentum (CAM) dominated beams, but the
effect being described is the same phenomena as ”magnetized” used in this thesis. Fermilab
used photoinjectors to produced magnetized beam by applying an axial magnetic field, like
JLab, on the photocathode surface. Their work focuses largely on CAM removal with a
set of skew-quadrupole magnets as a round-to-flat beam (RTFB) adapter that transforms
the beam eigen-emittances to the conventional emittances along each transverse degree of
freedom. The end result of this is yielding a flat beam with asymmetric transverse emittance
of large aspect ratio. Their work involves the experimental generation of CAM dominated
beam and the subsequent transformation into flat beams.
Flat beams have various interesting applications in dielectric laser acceleration and
plasma wakefield acceleration. Additionally, they can serve as probes for nonlinearities
in accelerating cavities. In their paper they used different methods to measure the magneti-
zation. One method utilized a multi-slit aperture similar to the single slit used in the GTS
beamline and another method known as the quadrupole scan methods.
They obtained both horizontal and vertical flat beams using their RTFB adapters and
measured emittances that were in a decent agreement with the numerical simulations of the
RTFB transform. Flat beams, and by extension magnetization, will be used in future FAST
experiments.
2.4.1 DISCUSSION
The end purpose of the magnetization is different in the work from JLab and Fermi
Lab. However, magnetized beam production and methods of qualitative and quantitative
measurement are of mutual interest. Fermilab has produced magnetized beam from a pho-
tocathode and characterized that source. Our work will extend the available methods of
magnetized beam characterization relevant to both labs as well as an alternate method of
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beam production.
2.5 CHALLENGES TO BE ADDRESSED
The main technical challenges to be overcome in this thesis are to create a functioning
compact gridded thermionic electron source capable of matching existing current demands
and the difficultly of accurately characterizing magnetized beam. Magnetized beam has
been produced and characterized in different studies but all of them used a different type
of electron source that are more compact than a traditional thermionic electron source.
The aims of this research are to advance the leading technology by creating a similarly
compact source, but maintain the robust nature of the thermionic electron sources that
are capable of reliably producing long life time, high current beams. A separate goal is to
demonstrate novel methods and tools that are useful in the process of characterizing the
complex dynamics that accompanying magnetized beam.
The following chapters expound on the process of the commissioning required to make
a functioning gridded thermionic electron source, the characterization that confirms that
the compact design does produce the expected beam properties, and finally demonstration
and characterization of magnetized beam. The production of magnetized beam from this
type of technology is unique in itself, but we also demonstrate the production of magnetized
beam at currents useful to large scale facilities like TRIUMF and also characterize beam





The design and fabrication of the gun was primarily performed by members of the Xelera
team. The gun was initially built by Xelera and transported to JLab under vacuum to be
installed on the GTS beamline. Many adjustments had to be made once the gun reached
the GTS to make the gun operational. The presented material is primarily the final working
configuration of the gun design. The initial design was influenced by a TRIUMF thermionic
gun which uses the same commercial Y-845 CPI cathode [12]. Chapter 1, Table 1 shows the
initial design parameters and what was actually achieved during the commissioning process.
The anode cathode geometries and gap size were optimized by Xelera using electrostatic
simulation. Fig. 4 Shows the final geometry with peak surface field gradients of 8.51 MV/m.
These simulations are important for assessing the risk of high voltage breakdown between
the electrodes, while also producing sufficient energy beam and desired beam dynamics. The
simulations were then used to produce three-dimensional field maps used for full beamline
simulations. Part of the design involved isolating the anode in order to allow for biasing
the anode. This was intended to potentially test ion trapping and prevention of ion back
bombardment. Although the anode was never biased during this research, it could be useful
for future application of this electron source.
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Fig. 4: ANODE CATHODE GAP
Fig. 5 shows simulations of the external ceramic insulator gap and the surrounding fara-
day cage to predict the risk of external arching were also performed. The faraday cage was
designed to mitigate any damage that may be caused by a rapidly changing electromag-
netic field (EMF) in that space that can occur if there is an external arc across the ceramic
insulator at high voltages. The cage was required because there was damage to multiple
pieces of equipment during the early attempts at high voltage processing before the cage
was installed. High voltage processing is described in detail in Chapter 4.
Fig. 5: EXTERNAL ELECTROSTATICS
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These simulations were used to generate field maps that were then used in beam dynamic
simulations using General Particle Tracer (GPT) [15]. GPT contains a multi-variable global
genetic optimization code that was used at JLab to optimize the beamline design and beam
transport.
This gun is unique in its compact containment of the high voltage components directly
behind the ceramic insulator. A single isolation transformer supports the ”hot deck” contain-
ing all of the power supplies for controlling the cathode and grid, determining the thermionic
emission. Normally, large enclosures or platforms are isolated to house these components.
Here, they are locally contained and controlled remotely by only two fiber-optic links.
Fig. 6 shows the disassembled hot deck to display the isolation transformer, the RF
transmission line, the amplifier, RF/fiber transceivers, cooling fans, and AC & DC convert-
ers.
Fig. 6: DISASSEMBLED HOT DECK
There are four components of controlling the gun in practice: The HVPS, RF power, DC
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grid bias, and macro-pulsing. The beam is bunched by applying DC and RF fields to the grid
as in Fig. 3. A macro-pulse structure can be applied by additional low frequency modulation
of the RF signal. This allows adjustment of the average beam current by changing the duty
factor of the macro-pulsing.
Fig. 7a shows the HV power supply (HVPS), the supply for the anode bias located
above the HVPS, and the local controls for the Ion/NEG pumps. The HVPS is controlled
by Spellman software allowing for remote communication via ethernet cable to the supply
located behind the engineered safety enclosure at GTS. The RF is controlled by a standard
RF signal generator Fig. 7b.
(a) Local controls and HVPS
(b) RF signal Generator
Fig. 7: HVPS AND RF SIGNAL GENERATOR
The bias voltage is controlled by a potentiometer that varies a custom-built pulse-width
modulated fiber-optic transmitter. The signal received on the hot deck is converted to
a linear voltage input to the remote voltage control on the bias power supply. The bias
transmitter and receiver are shown in Fig. 8.
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(a) Bias Fiber-Optic Transmitter (b) Receiver Connected to Bias Power Supply
Fig. 8: BIAS FIBER-OPTIC TRANSMITTER AND RECEIVER
Macro-pulsing is accomplished by a pin-modulator activated by a 5 V signal from an
Epics control interface. The pin-modulator interrupts the constant RF signal from the
generator into an arbitrarily pulsed RF train which is then sent to the hot deck via RF
fiber-optic transceivers, where it is then amplified.
Fig. 9 displays a flow chart of interconnection of the components on the hot deck. The
bias PS voltage is connected to the ground lead on the cathode heater current PS. This
effectively “floats” all the voltage going to the cathode surface above the local potential
of HV. The positive lead from the current PS then passes through the inner-conductor of
the co-axial RF transmission line to the socket of the cathode, simultaneously biasing the
cathode and powering the heater element.
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Fig. 9: HOT DECK FLOW CHART
The RF configuration in this design took special consideration. The RF amplification is
fixed by two amplifiers that have no variable controls; one being the low-noise amplifier and
the other a 50 W amplifier. The input RF to the system is limited by the RF transceivers
which becomes saturated by -18 dBm which has a stable gain of 9 dBm on the receiver end,
meaning the RF power before amplification is at most -9 dBm. Beyond this, the effective
RF voltage on the grid is dependent on the matching of the RF transmission line to the 50Ω
cathode. Another consideration is that the cathode grid gap is a fixed distance, creating
a resonant structure with an inherent optimal operating frequency. Fig. 10 shows an S11
measurement displaying the maximal power absorption near 1.07 GHz. Thus, the operating
frequency of 500 MHz starts with an inefficacy.
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(a) S11 Measurement Set-Up (b) Spectrum Analyzer: S11
Fig. 10: CATHODE GRID GAP S11 SIGNAL
The RF transmission line has a λ/4 sliding tuner section intended for matching, but
it was found that the matching is dependent on the current pulled from the cathode due
to beam loading and therefore does not have one matched position, resulting in a current
dependent RF voltage. An ideal future system would have an active feedback tuning system.
(a) Conceptual RF Transmission Line Design (b) Material RF Transmission Line
Fig. 11: RF TRANSMISSION LINE
Fig. 11a shows the conceptual design of the RF transmission line as a simple coaxial
transmission line with impedance steps driving the RF towards the cathode.
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The impedance steps are formed by increasing the inner conductor diameter lowering
the impedance from the simple calculation in Eq. 6. Fig. 12 displays a schematic of a classic









Fig. 12: COAXIAL WAVEGUIDE
The inner conductor also acts as feedthrough for the bias and heater current.
Table 2 lists the specific commercial models used in the gun.
Component Model
Cathode CPI Y-845
HVPS Spellman ST Series 12kW
Bias PS RK-80H-LRmf
Heater PS R4K8-3
RF Gen. Hewlett P. 8643A
pin modulator Mini-Circuits ZX73-2500
RF transceiver MITEQ-SLL-5K2P5G
low-noise amp. AmpliTech APT2-00280060-080-D4
50 W amp. OPHIR Model: 5303006
TABLE 2: COMPONENT MODELS
3.1.1 CATHODE
The Y-845 is a commercial propriety cathode, thought to be composed of a tungsten
matrix containing beryllium and a rubidium film. Looking at the front of the cathode in
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Fig. 13a, there is a grid mesh attaches to the cathode structure by four struts holding a
ring that the grid is affixed to. There is a gap of 0.14 mm between this fine mesh grid and
the emitter surface. The emitter surface is 8 mm in diameter. The back of the cathode is
shown in Fig. 13b. All of the cathode components are electrically isolated by ceramics in a
concentric ring pattern.
The inner most ring and the second inner most ring contact the heater filament and
emitter surface. These rings are used to create a closed circuit to supply current to the
heater element; ultimately heating the emitter surface and allowing electron emission. The
next closed ring to the center, connects to the grid so that it can be biased. However, as
described earlier, the grid in this design is grounded to the high voltage potential and the
bias voltage is directly applied to the emitter through those first two rings. The cathode
comes as single unit in a 2.75” conflat flange.
(a) Front of the cathode (b) Back of the cathode
Fig. 13: CATHODE
3.2 BEAMLINE
The GTS diagnostic beamline, shown in Fig. 2, was modified to include a double quarter
wave (DQW) cavity with a fundamental TEM Mode [16] for longitudinal deflection. The
28
cavity was used for a variety of functions, but was primarily needed to enable bunch length
measurements. The beamline was simulated using GPT to establish cavity location and
anticipated power requirements. A 1-dimensional pepper pot [17, 18] was also designed and
included for the potential measurements of magnetized beams.
All other components of the beamline are more common devices such as, corrector mag-
nets, focusing solenoid lenses, water cooled current dump, YAG screens, and a slit aperture.
The beamline components are all controlled and monitored via an Epics interface. The
exception is the newly added DQW deflector cavity which is controlled manually using a
RF generator at the design 500 MHz and a variable amplifier.
3.2.1 MAGNETIZING SOLENOID
The magnetizing solenoid, shown in Fig. 14, dimensions are 29.97 cm inner diameter,
70.1 cm outer diameter, and 15.75 cm in width (z-axis).
Fig. 14: MAGNETIZING SOLENOID
The magnetizing solenoid is comprised of 16 layers of 20 turn water-cooled copper con-
ductor with a cross section area of 0.53 cm2. The conductor has 0.18 Ω resistance at 65
C. The solenoid was powered by a magnet power supply (400 A, 79 V) and can provide
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magnetic field of up to 1.5 kG at the cathode surface.
The emission surface of the thermionic gun is 8 mm in diameter which is large compared
to the <1 mm laser spot size used in previous magnetized beam experiments at GTS [1].
According to Eq. 4, this larger emission surface requires only a fraction of the solenoids
maximum field strength to achieve strongly magnetized beam.
3.2.2 DQW CAVITY
The design process for the DQW cavity started by specifying the desired performance
of the cavity. In this case a zero-crossing-angle, low power deflection of a bunched electron
beam operating at a frequency of 500 MHz. Other parameters such as tunability and
adjustment for coupling were chosen to be optimized in the overall design.
Being a narrowband cavity (±1 MHz), it must be possible to tune the cavity resonance
frequency to the operation frequency. This sensitivity of the resonance frequency requires a
tuner to compensate for effects from unavoidable construction tolerances, temperature and
pressure variations.
The copper (Cu) cavity was expected to have power loss in the cavity wall, but low
power requirements make this a minimal concern. Power loss is dependent on the material
quality factor. The unloaded quality factor, Q0, is a ratio of the stored energy in the cavity,
ω0U , and the power dissipated in the cavity walls, Pdis. Typical Q0 values obtained in
normal-conducting vacuum cavities made of Cu are 103-106, depending on geometry, size,
and frequency. The power lost through the main power coupler is called the external Qe.
Since the power lost due to these different loss mechanisms must be added, the total resulting







1/Ql = 1/Q0 + 1/Qe (8)
Ql = Q0/(1 + β) (9)
Therefore, in the process of designing this cavity it is necessary to simulate and measure
the operational frequency, tunability, power and coupling. Beam-dynamics simulations were
performed for the cavity itself, and operation in the intended beamline. Physical measure-
ments of the cavities characteristic were compared with simulation. The cavity was installed
in the beamline and successfully worked as intended.
RF Design of DQW Cavity
The cavity was expected to deliver 8 kV for the required deflecting angle. The design was
optimized using CST-MWS simulation [19] and resulting figures of merit for the cavity are
listed in Table 3.
Parameters Unit Value
Frequency f MHz 499
Tuning sensitivity θ kHz/mm 95
Tuning range MHz ±0.95
RF coupling β - 1
Dissipated power Pwall W 25
Quality factor Q0 - 10722
TABLE 3: DQW FIGURES OF MERIT
The deflecting kick in the DQWR results from a Lorentz force provided by the TEM
(fundamental) mode. The primary contribution comes from the electric field in the gap
between the inner conductors rather than the magnetic field. Assigning the z axis to align
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with the beam axis and y as the vertical axis of the DQW respectively, the force of the kick
is given as:
Fy = e(Ey + vzBx) (10)
Where e is electron charge and vz is the velocity of an electron along the beam axis. A





Fig. 15: STRUCTURE OF THE DQW
The 1D profile of the on-axis E & B fields are shown in Fig 16a & 16b respectively. Due
to its vertical symmetry, the kick of the DQWR does not have large quadrupole fields in its
profile.
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(a) E-Field (b) B-Field
Fig. 16: DQW ON-AXIS FIELD PROFILE
The cavity is equipped with a plunger-type tuner and a loop power coupler. A copper
slug stub tuner is inserted to the “default” position to allow for bi-directional (±) tuning.
This nominal position is 10 mm into the cavity. The tuning range and sensitivity are listed in
Table 3. A loop coupler is used to adjust the RF coupling during installation into the cavity
by rotating the loop. The simulated angular profile of the coupling is shown in Fig. 17a. In
Fig. 17a, β becomes maximum of 1.3 at θ = 180◦, from which one adjust down to critical
coupling of β = 1. When rotating the coupler and pick-up probe while monitoring the
Q values from the network analyzer, it was found that critical coupling does occur in the
orientations predicted.
(a) Angular Profile of The Coupling (b) Tuning Range & Sensitivity of The Tuner
Fig. 17: DQW SIMULATION OF COUPLING & TUNING
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In Fig. 17b, simulation results for tuning range with stub tuner is shown. One can see
that below 2 mm linearity degrades due to radius of curvature that blends the connection
where the coupler ports meet the cavity wall. Tuning and RF coupling is controlled by
exchange in frequency deviation as the coupler loop rotates (by about ±25◦) for the coupling
adjustment. The deviation in frequency from this rotation is on the order of 40 kHz. The
frequency is then easily corrected by moving the stub tuner up to ±0.25 mm.
DQW Operation in Simulation
To simulate the operation of the cavity within the diagnostic beamline, the cavity field
profiles were exported from CST as 3D Re[E] and Im[H] fields. They were then used in
GPT software to simulate its operation. Within the GPT simulation, a scaling factor is
applied to these fields to give the necessary kick to the bunch. H is converted to B by the
factor µ0 and the only values extracted from GPT is longitudinal βz and the aforementioned
scaling factor. In this case, βz refers to the bunch velocity proportionality to the speed of
light. The wave number k for the RF is given by 2π/λ. These values are all used in the











The terms in this equation are given by: k ≈ 10.45, E⊥ = Ey(z), B⊥ = Bx(z), βz =
0.595, yielding V⊥ = 1.36 MV. This is the maximum voltage from the simulation values. To
find the true functioning voltage it must be multiplied by the scaling factor pulled from GPT
simulation, which is S = 0.007. Therefore, applying the scaling factor, the final operational
kick voltage is 9.5 kV. The relationship to this voltage, bunch deflection, YAG screen size
and bunch length are all described in more detail in Chapter 5.
The power loss calculated in CST as 289 kW multiplied by the scaling factor squared
gives the lower bounds for power required to operate the cavity; calculated to be 14.1 W.
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However, the measured Q of the cavity is roughly 20% below CST simulation. Which means
the power can be expected to be increased by 20% giving a new lower bound of 16.92 W.
This formulation is in the context used for this research based in simulation. Typically,
these values are discussed in terms of R/Q0 in real world application. R is the shunt





V is the voltage in the cavity. Q0 is the quality factor of the cavity discussed previously.
The meaning of R/Q0 is clear from Eq. 7 and Eq. 12, it represents the relationship between
voltage and stored energy for a given cavity. The DQW cavities R/Q0 value is calculated
to be 298.5 Ω.
This work was all performed with gun design energy of 125 keV. At 55 keV the required
power was only 5 W for maximal deflection on the viewer screen. The lower gun energy
caused a lower transconductance which produces a longer bunch. The lower the bunch
energy and the longer the bunch is, leads to a lower deflecting voltage requirement. The
combination of these effects makes 5 W an understandable value to see in experimental
application.
Bench Test Measurements
An accurate frequency for the cavity is a high priority and bench test measurements were
done to test the frequency, tuning-range, coupling and electric center of the cavity. The
two methods of measurement were simple readings from a network analyzer to measure
frequency throughout the tuning-range via the coupling ports and then a standard wire
stretch measurement. The wire stretch measurement measures the resonant frequency, but
primarily was used to find the electric center of the cavity. In a perfect system the mechanical
and electrical center will be the same.
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So the cavity could be easily used in other machines at JLab, 499 MHz was chosen as
the fundamental frequency because JLab uses 1497 MHz as a fundamental frequency. This
is also the reason two cavities where manufactured. The cavity would then be tunable to
500 MHz to match the gun frequency. The mechanical design was intentionally made with
inner conductors to have excess material so they could be machined down precisely after
initial measurements. After machining down the conductors to the precise length required,
the cavity matched the designed 499 MHz. The tunability from the mechanical tuning stub
with a travel of ±10 mm form a nominal position allowed for frequency ranges from 497.6-
500.9 MHz, realizing the desired tunability of ∼ ±1 MHz. This allowed for operation at the
source frequency of 500 MHz.
Performing the wire stretch confirmed the electric center of the cavity was within 0.69 mm
of the mechanical center. This is sufficiently close to consider on axis for our purposes.
Measurements from the wire stretch are shown in Fig. 18. Off center, the cavity frequency
can be seen at the designed 499 MHz and when on center the wire does not excite any
modes, resulting in the graph in Fig. 18b.
(a) Off-Center (b) Center
Fig. 18: WIRE STRETCH MEASUREMENT
Installation & Functionality
The cavity was successfully installed in the diagnostic beamline Fig. 19.
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Fig. 19: CAVITY INSTALLED IN BEAMLINE
Previous to the thermionic gun being delivered by Xelera, there were some attempts
to utilize this deflecting cavity for bunch length measurements of a photo-gun. The bunch
lengths produced by the photocathode were orders of magnitude shorter than the bunches
this cavity was designed for. In order to compensate, the power in the cavity was increased
to 200 W. To minimize outgassing during this high-power operation, where cavity heating
did take place, the cavity was heated to 150 C for 24 hours. The cavity was then powered
to more than 200 W (far above the thermionic sources operational requirements) through a
range of frequencies to process out any field emission that may have been produced by the
coupler probe.
For operation with the thermionic gun, less than 10 W was used and the heating, out-
gassing, and field emission were not issues. The cavity is driven by an RF generator and
variable amplifier shown in Fig. 20.
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(a) DQW RF Generator
(b) DQW RF Amplifier
Fig. 20: DQW RF SOURCE
The low power requirements ensure the temperature remains low and does not require
any thermal stabilization to maintain the correct frequency. Fig. 20b shows a thermal image
of the cavity while being powered; displaying no excessive heat is present. The bright white
regions are around 100 C at RF powers far above operational conditions. Meaning, the
cavity does not need active cooling to remain in tune.
Fig. 21: THERMAL IMAGE
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3.2.3 1D PEPPER-POT
The 1DPP has multiple applications. This device was made specifically for magnetized
beam to enhance bunch length diagnostic methods [17]. The 1DPP has distinct advantages
for longitudinal measurements in magnetized beams that result in a reduction of inherent
errors to the normal bunch deflection method. The 1DPP can also be used to measure the
angular-momentum; as well as provide both transverse phase space images when combined
with beam scanning in both the horizontal and vertical plane. Both are very important
properties of magnetized beams. Part of the design process involved simulated emittance
measurements and reconstructing the phase space; including recovery of the uncorrelated
emittance. The details of these properties are explained in chapter 5.
The design for the 1DPP, which is effectively an array of holes, had three primary
conditions to meet. First, the beamlets must be distinct from each other even after a drift
and transverse kick. Second, the beamlets must be identifiable to their initial location.
Third, the ratio of beam current passing through the 1DPP should be within a range of
values to ensure consistent operation as the transverse beam size varies. By considering
these three conditions along with confirmation of their application via simulation, values for
the hole sizes and locations were finalized.
These requirements call for a single horizontal array of holes of varying sizes across the
diameter of the beam pipe on a tungsten plate. Fig. 22 shows the drawing of the distribution
and various sizes of these holes.
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(a) Matlab Figure of Hole Sizes & Location
(b) Mechanical Drawing of 1DPP
Fig. 22: 1DPP DESIGN
The size of the 15 holes began as values from a uniform pepper-pot. Those values were
then increased to allow desired percentages of beam to pass while also being distinguishable
beamlets after a long drift. In order to determine the exact starting position of each beamlet
an off-set was given to the right side of the array and then a noticeable difference in hole
size between the center and closest hole was made to ensure they do not overlap after the
drift. The rest of the hole sizes were determined by trying to keep a relatively consistent
percentage of beam transport as the radius increases. In order to accomplish this the holes
must increase in size as their displacement from the center increases.
Fig. 23 shows an image of the physical hole positions and sizes as taken from face that the
beam will be incident upon. A scanning electron microscope (SEM) was used to measure
the exact size and distances for each hole as this is important for analysis of the images
produced by the beamlets further down the beamline. Table 4 is provided with the spacing
between consecutive holes and their diameter as label within figure 3.
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Fig. 23: 1DPP
















TABLE 4: 1DPP HOLES & SIZES
A bevel and counter sink were used to avoid scraping of the beamlets after passing
through the holes. This also made the process of manufacturing the holes easier. The
thickness of the tungsten-copper alloy was based off the slits currently used at the GTS and
is ≈ 1 mm at the thinnest point of the bevel.
3.2.4 SLIT & YAG SCREEN
The other very important diagnostic tools on the beamline include the slit and YAG
41
screen used for viewing, steering and measurements of the beam. The entire assembly is
shown in Fig. 24.
Fig. 24: SLIT & YAG SCREEN ASSEMBLY
This assembly is attached to the bottom of a piston that can be inserted into the beamline
at three depths, depending on what part of the assembly is required at the time. The default
position is the open beam-shield-tube that allows for the beam to pass uninterrupted down
the beamline. The second stage is the slit or 1DPP depending on the viewer assembly,
but in both cases, these are apertures used to measure the beam by sampling properties of
the beamlets created by the beam passing through the aperture. The slit consists of two
tungsten-copper alloy plates with a beveled edge and a micron sized gap in the two plates
to create a slit aperture to pass a beamlet through. The 1DPP was just described in Section
3.2.3.
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The final position is the YAG screen which is used to view the light generated by the
beams interaction with the YAG crystal. The YAG screen is Yttrium Aluminum Garnet
crystal that emits light when an electron beam of sufficient energy is incident on the crystal.
The light emitted is then reflected by angled mirrors towards a camera for viewing the
transverse projection of the beam. The YAG screen is easily damaged by high-currents so
this limits the range of beam parameters that can be measured. The fact that the saturation
and sensitivity of the YAG screen is dependent on energy also makes measurements difficult
at lower energies like the 55 keV used for the diagnostic measurements.
The YAG screen also reflects the infrared light emitted by the hot cathode which caused
saturation issues on the digital cameras when attempting to measure real beam. This
saturation issue was corrected by a combination of placing neutral-density filter on the
digital cameras that collect the light from the YAG screens and by utilizing software to




Commissioning of the gun required High Voltage (HV) processing, cathode activation, and
measurement of the properties that dictate cathode emission and the overall gun opera-
tion that were reviewed in Section. 1. Presented here are the results of the measured gun
properties related to operation and electron emission.
4.1 HIGH VOLTAGE PROCESSING & CATHODE ACTIVATION
HV processing is the application of HV potential between the anode cathode gap to re-
move field emission (FE) from the electrode geometries that could lead to unwanted electron
current. The subsequent radiation, or arcing between the electrodes results in an unstable
DC potential. Initial HV processing showed significant vacuum activity and radiation pro-
duced at values as low as 30 kV. When these values did not improve over time “soaking”
at this voltage, then Krypton processing was attempted. Krypton processing is a method
of accelerating the removal of the emitters by flowing krypton gas into the vacuum of the
gun while actively pumping to maintain a constant pressure and presence of the krypton
gas which is ionized by the FE electrons. The ions then track back to the point of emission,
functionally using targeted ion back bombardment to remove the emitters [22]. When this
method did not improve the condition of the HV as expected, the vacuum was broken to
open the gun. Metal shavings were found inside the gun, that remained from the machining.
The metal shavings had been welded to the cathode stalk that feeds through the insulator
shown in Fig. 25 and were sources of FE.
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Fig. 25: STALK FE SITES
After removing the shavings in a clean room and polishing the electrode surface by hand
(shown in Fig. 26), the gun was rebuilt.
Fig. 26: HAND POLISHING STALK
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HV processing continued with no field emission up to 100 kV at which point coronal
break down caused arcing on the external, air-side of the ceramic insulator. As mentioned
briefly in Chapter 2, EMF from arcing presents a high risk of damaging electronic compo-
nents in the surrounding space. The arcing events that did occur above 100 kV damaged
electrical components that controlled the viewer assemblies and caused temporary failure
in the ethernet communications to the high voltage power supply. Before high voltage pro-
cessing could continue, improvements to the faraday cage and beamline grounding had to
be performed. After the damaged equipment was fixed and the faraday cage was properly
implemented, the gun was set to have a safe operating voltage limit of 90 kV by the lab to
prevent damage to surrounding equipment.
4.1.1 CATHODE ACTIVATION
Cathode activation is a four hour long standardized process of slowly heating the cathode
to allow for proper outgassing and preparation of the emitting surface; ultimately estab-
lishing a nominal operating temperature. In general, activation requires steps of increasing
voltage applied to the cathode heating circuit and as the emitter temperature increases, the
overall resistance in the circuit increases and decreases the current. The heat also induces
outgassing.
As a safety precaution, a current limit was set for the heater power supply, so that in
case of accidental changes in gun condition, the current could not increase above a value
that would damage the heating element. This is important to note because this feature kept
the gun operational during an unintentional beamline venting that will be discussed later.
For the activation process itself, after a period of 15 minutes at a set voltage the current
through the heater element and vacuum levels in the gun should be stable and the voltage
can be increased again. As the voltage increases the temperature of the cathode rises and
outgassing occurs again; the vacuum must be monitored and should not rise above 1× 10−7
Torr. This is repeated for several hours. Eventually, the temperature reaches an operational
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level where outgassing and current change is minimal. For the Y-845 cathode this occurs
around 6.5 V. After the operating temperature is determined, a minimal potential is then
found so that sufficient current is drawn from the cathode. This is done by reducing heater
voltage to the lowest value that does not reduce the produced current. The system is left in
this condition for 30 minutes. For the thermionic gun at GTS the appropriate voltage was
found to be 6.25 V. This establishes the operational temperature for the cathode as it will
give the necessary thermal emission while also maximizing the longevity of the cathode by
not over heating the heater element or emitter surface.
The normalized thermal emittance of the Y-845 cathode top-hat emitter with radius of
4 mm is estimated to be 0.93 mm-mrad from the Maxwell-Boltzmann distribution assuming
a cathode temperature of 1270 K. Fig. 27 shows the glow from the hot cathode.
Fig. 27: HOT CATHODE
It was found that after cathode activation, when HV was applied there was field emission
(FE) produced by the surrounding cathode-gird structure. This FE is not controlled by the
bias voltage and is dependent on the HV applied. When the cathode is cool there is no
FE. The FE is present only when the cathode is heated and heat conduction raises the
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temperature of surrounding structure to a point that the work function can begin to be
overcome in those materials. This effect can be exacerbated if, during the activation process,
beryllium or rubidium (two common material used in thermionic cathodes) sputter off the
emitter surface onto the grid; causing it to also emit. The presence of this FE beam is not
a significant factor in normal operation at 90 kV because the current is several orders of
magnitude smaller than the current produced in the desired RF modulated beam. Fig. 28
shows the FE current as a function of HV.
Fig. 28: FE CURRENT GRAPH
The FE beam does make diagnostic and characterization measurements extremely dif-
ficult as the YAG screen can only handle currents up to 100 nA without being damaged.
Fig. 29 compares the YAG screen image as HV increases to illustrate the challenge it may
cause in the process of taking measurements.
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(a) Viewer Image of FE Beam, 55 kV (b) Viewer Image of FE Beam, 65 kV
Fig. 29: FE BEAM
Therefore, a beam energy of 55 kV was determined to have a low enough FE beam
current to perform reliable measurements. If the measurements at 55 kV match expected
values and behaviors then we can reasonably and safely predict beam conditions at the
operational 90 kV.
4.2 COMMISSIONING MEASUREMENTS & RESULTS
The significant values for commissioning are the values found in I(t) = g21((Urf cos(wt)+
Ub) − Uc) (Eq. 2) that determine the current profile produced by the gridded thermionic
source.
The first value that is required is the grid bias voltage, Ub, for a given control setting. A
value is set on the potentiometer that regulates the fiber-optic pulse width modulated signal
used to remotely control the bias power supply located on the hot deck. The control settings
for Ub are then found by varying the potentiometer and recording the voltage produced by
the bias power supply on the hot deck. The resulting graph of this calibration in shown in
Fig. 30. The pulse width modulated fiber-optic control produces linear results except for
potentiometer values near 0 where the output voltage levels off to a minimum value of 19
V.
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Fig. 30: BIAS VOLTAGE
The next step in commissioning is to find the cut-off voltage. The cut-off values, Uc, for
a given HV are shown in Fig. 31.
Fig. 31: CUT-OFF VOLTAGE
The cut-off voltage is found by varying the bias voltage with no RF present until the
initial onset of emission is detected. The cut-off voltage is a function of the gun and grid
geometry as well as the HV applied to the anode cathode gap. The cut-off voltage results
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show the expected HV dependence.
Following this, the next step is to create a DC beam I-V curve by increasing the bias
voltage, with no RF, giving the relation of effective voltage to current. This produces a
non-linear curve seen in Fig. 32. Eq. 2 assumes a linear relationship between voltage and
current, when no RF voltage is applied. Therefore, to properly model higher current control
settings, a “virtual cut-off voltage should be used and this is found by taking the linear
region of the curve in Fig. 32 and extrapolating the linear relationship back to a current
value of 0 A. The intersection point on the voltage axis is then the virtual cut-off voltage.
These values are reported in Fig. 31. Due to the bias voltage minimum being 19 V the
current produced when the gun voltage is set to 35 kV was not able to reach a linear region
of its I-V curve. These values for 35 kV had to be found by extrapolating the curve to an
assumed linear region and those values were used to fit the data shown in Fig. 31, Fig. 33,
and Fig. 34.
Fig. 32: FULL I-V CURVE
Looking at Eq. 2, with Urf = 0, it is clear that taking the slope of the more linear
portion in the I-V curve gives the operational transconductance, g21. The linear portions of
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the curve are shown in Fig. 33.
Fig. 33: LINEAR I-V PLOT
Taking the slot of these lines generates the plot shown in Fig. 34 of the transconductance
as a function of HV.
Fig. 34: TRANSCONDUCTANCE
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The remaining missing value from Eq. 2 is the RF voltage. The important value is the
RF peak voltage effecting the grid, Urf ; not the initial power into the system. To measure
the peak RF voltage, an input power is set and the bias voltage is adjusted until onset of
emission with the given input RF power. Looking at Eq. 1 & 2, knowing the cut-off voltage
and bias voltage, the peak RF voltage can be found to be the difference between the bias and
cut-off. This is because the peak of the RF voltage, in this onset condition, is just reaching
an effective voltage of 0 V. Doing this for a range of RF power input values, produced a
graph for the RF peak voltage control system shown in Fig. 35.
Fig. 35: PEAK RF VOLTAGE
The final aspect of commissioning the operation of the gun is to show that the beam
is truly RF modulated and that the macro-pulsing of the beam is functional. In order to
show this, the DQW cavity, intended for bunch length measurements, was used as a detector
of the RF structured beam. If the e− beam is RF modulated at the correct 500 MHz, a
signal will resonate in the DQW cavity and be detectable on the cavity’s pick-up probe. A
spectrum analyzer (SA) should then see the signal at the 500 MHz. Moreover, this signal
should scale with the duty factor from the macro-pulsing of the beam.
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A resonant signal is detected and from the presence of RF modulated beam. Fig. 36
shows the SA time-averaged signal.
Fig. 36: SA DETECTING RF
It was confirmed that the signal is not present with no beam or DC beam. The duty
factor was than varied and the detected RF power was measured. This was done for three
initial beam currents and the macro-pulsing was used to change the duty factor on the beam.
It was found that the power detected in the cavity does scale linearly with the duty factor
as seen in Fig. 37.
Fig. 37: SA POWER VS DUTY FACTOR
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As a final commissioning step, a stable current check was performed at 10 mA for 30
minutes to show stability of the emitter and control conditions with no significant variation
or degradation of the RF components and beam quality. This was recorded in an Epics
control plot and is shown in Fig. 38. The line at the top of the graph records the gun
voltage at 55 kV, the line below that, is the current in units of Amps, and the last four lines
are vacuum levels along the beamline.
Fig. 38: EPICS PLOT 10 mA
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CHAPTER 5
CHARACTERIZATION OF NON-MAGNETIZED BEAM
Commissioning allows the gun to be considered fully functional and have predicable results
from gun control with safe and reliable operation. To fully understand the beam that is
being produced by the source, requires characterization of the beam itself. The primary
beam properties of interest for this research are: normalized transverse emittance, thermal
emittance, and bunch length.
5.1 EMITTANCE MEASUREMENTS
Emittance as a whole consists of 6D phase space, but typically refers to a single 2D
projection of this phase space. The phase space consists of all possible position and mo-
mentum states within the beam. The distribution of this phase space determines the overall
dynamics of the beam. The emittance is a way of quantifying how ordered or disordered
the beams energy states are from the beams phase space. A larger emittance indicates a
more disordered beam, resulting in greater divergences of particles within the beam. The
emittance is then a critical value for beamline design and having a complete understanding
of the beam dynamics within a system. A more complete description of emittance in terms
of beam dynamics is discussed in Appendix A. The 2D normalized transverse emittance can





< x2 >< p2x > − < xpx >2 (13)
Where the square of the rms beam size is < x2 >, the square of the divergence is < p2x >
(where p = γmv), and the cross-correlation term is < xpx >
2. In this research, εn has been
calculated both statistically and by reconstructing the phase space. εn is related to the area
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of the phase space ellipse by a constant factor π which is typically neglected in notation.
εn was measured and the phase space reconstructed by a standard slit scan method that
is discussed in the next section [24]. An emittance measurement was also made using the
1DPP [18] to check that the beam was round, as one would expect, with closely matching
x and y emittance values. This method was developed primarily for magnetized beams and
was of limited use for characterization of non-magnetized beam presented here.
The thermal emittance is the minimal value of emittance that a given beam can have
based on the thermal energy of the material that is emitting the electrons. The temperature
of the cathode can be used to statistically calculate the emittance of the electrons. The
thermionic emittance from a Maxwell-Boltzmann distribution at the temperature, T , is






Here, kB is the Boltzmann constant, σx is the sigma of the transverse particle distribu-
tion, mc2 is the rest energy of the electron. The thermionic cathode is expected to emit
electrons uniformly. This allows σx to be rewritten at rc/2 where rc is the radius of the








The thermal emittance can be found by making several normalized emittance measure-
ments at various bunch charges. Then, the emittance value should converge to the thermal
emittance at smaller bunch charges. The value for thermal emittance was also checked by
performing a solenoid scan emittance measurement [25,26] at extremely low bunch charge.
5.1.1 SLIT/1DPP SCAN METHOD
Emittance measurement techniques at low energy typically involve an insertable mask
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that allows a small portion of the beam, called a “beamlet”, to be transported to a viewer,
wire scanner or Faraday cup [24]. Beamlets are needed as it samples a known location in
space on the beam and this portion of the beam is then allowed to drift further down the
beamline. By measuring the final position and size of the beamlet on a viewer, it is possible
to calculate the momentum of beamlet. Hence, a sample of information containing position
and momentum, the two components of phase space, is gained. With enough of these
samples, the full phase space can be reconstructed and the emittance can be statistically
calculated. The emittance is then derived either statistically from the sampled beam or
from an interpolated reconstruction of phase space. These masks are usually either slits or
2D pepper-pots. Single or multi-slits can be used to measure a 2D transverse phase space,
while a standard pepper-pot can measure both transverse planes simultaneously.
Consider a single slit diagnostic, where the beam is scanned over the aperture. A beamlet,
which is not effected by space charge, is passed through the slit and is incident on a viewer.
The emittance can be calculated by statistically evaluating the first and second moments of
position and angle, or a profile can be fitted to the divergent dimension of each beamlet and
used to reconstruct phase space [27, 28, 29]. As an aside: in the case of magnetized beams,
this beamlet is rotated and generally large at the viewer compared to non-magnetized beams
because of the angular-momentum.
Multi-slits and 2D pepper-pots can be problematic with highly divergent beams as beam-
lets can overlap and one has to choose a method of cropping the image to assign a portion
to each slit or hole for calculation. If the divergence is non-uniform across the radius of the
beam or asymmetric, though not impossible, the image division for analysis becomes more
subjective.
One of the main benefits of a pepper-pot is that one is capable of taking a single shot
measurement of the beamlets to recreate the 4D phase space, which measures both x and
y projected emittance. A slit is not capable of such a measurement as it can only recreate
2D emittance in the plane perpendicular to the slit. Moreover, a scan must be performed
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in order to create this 2D phase space by either stepping the slit through the beams path
or by using correctors to steer the beam across the stationary slit. With the 1DPP, it is
possible to reconstruct 4D phase space as one would with a standard pepper-pot without
having the difficulty of image division, by performing a similar process to that of a slit-scan
measurement.
For the conditions at GTS the emittance measurement was performed by using correctors
to scan the beam over the stationary slit or 1DPP. To properly scan the beam over a
stationary aperture takes a very accurate calibration of beam deflection and redirection by
a set of two, preferably identical, corrector magnets. The intent is for the first corrector to
deflect the beam up or down in space, the beam then drifts to the next corrector and then
is redirected by the second corrector back to a trajectory that runs parallel to the on-axis
beamline. This requires opposite corrector fields that exactly cancel the deflection of the
beam. This ensures the beam is perpendicular to the plane of the aperture when producing
beamlets.
The beamlets are then subsequently measured at a viewer where the location and in-
tensity of the beamlets are measured by the pixels from a digital camera. After calibrating
a scaling factor relating number of pixels to a physical size, the pixels can be used in the
calculation for emittance. The description of measurement and analysis below is equally
applied to the slit scan method; with the difference that only one dimension is measured.
Fig. 39 is a helpful schematic to visualize the process described in the analysis below. In
Fig. 39: (a) is the beam with the centroid indicated as yellow dashed line. (b) is the 1DPP
with the center location of array indicated by the blue dashed line. (c) is initial beamlet
location on the 1DPP. (d) is the transverse plane of viewer with beamlets as light blue dots.
(e) is an example of the camera pixel intensities as measured from the viewer.
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Fig. 39: 1DPP SCAN SCHEMATIC
For εy measurements, the beam is scanned over the 1DPP vertically using carefully
calibrated steering magnets. The analysis to reproduce phase space (or statistically calculate
emittance) requires that each beamlet be assessed individually. With this design, one can
mask unwanted beamlets without losing information. For each beamlet the first and second
moments in the x and y plane of the viewer are evaluated and an intensity profile taken.
Over many vertical measurements, one can reconstruct vertical phase space at the location
of the diagnostic. From this phase space, the emittance εy can be calulated.The same can
be done for the horizontal emittances, εx, but requires a few additional horizontal beam
scans to create more data points between each horizontal hole.
Analysis of Slit/1DPP Method
This section provides the description of a statistical method of calculating the emittance.
It should be made clear that a larger number of scans performed provides a more accurate
phase space reconstruction as well as statistical calculation. In the following calculations
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[30, 31, 32], d denotes the distance between holes, D is the drift distance, r denotes the pixel
dimension, (i,j) index the hole in the array where with a scan (0,0) denotes the center hole
with a centered beam. ’j’ will span over the number of vertical scans taken. The position
of the imaged beamlet will be given by (p,q) and Ipq will be the pixel intensity.
A center pixel defining the beamline center must be determined (p0,q0). Each hole and
scan setting will produce an identifiable set of beamlets Aij and from the location and
intensity of each pixel this beamlet (p,q) of Aij we calculate x, x’, y, y’ in the following way:
x can be given simply by xip = i∗d. However, because the distance in y is not a constant,
j ∗ d must be replaced by the distance from the center of the beam to the plane of the array
yjq. x’ and y’ are the change in position over the drift length D.
xip = i ∗ d







Calculating the 4D phase space requires the beam intensity distribution ρ(x, y, x′, y′) for










Therefore, ρ(x, y, x′, y′) is given by:
















From this distribution, we are able to calculate the 2D transverse phase space distribu-
tion ρ(x, x′) and ρ(y, y′).
ρ(x, x′) =
∫ ∫




ρ(x, y, x′, y′)dxdx′ (18)
Finally, use these distributions to calculate the 2D emittance.
< xx >=
∫ ∫
(x− < x >)2ρ(x, x′)dxdx′ (19)
< x′x′ >=
∫ ∫
(x′− < x′ >)2ρ(x, x′)dxdx′ (20)
< xx′ >=
∫ ∫
(x′− < x′ >)(x− < x >)ρ(x, x′)dxdx′ (21)
εn,xrms = βzγ
√




(y− < y >)2ρ(y, y′)dydy′ (23)
< y′y′ >=
∫ ∫
(y′− < y′ >)2ρ(y, y′)dydy′ (24)
< yy′ >=
∫ ∫
(y′− < y′ >)(y− < y >)ρ(y, y′)dydy′ (25)
εn,yrms = βzγ
√
< yy >< y′y′ > − < yy′ >2 (26)
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5.1.2 SOLENOID SCAN METHOD
The solenoid scan is an effective method of finding the thermal emittance when there
is negligible space charge effect. The solenoid scan calculates the emittance based on the
beam matrix σB [25].
σB = RσB0R
T (27)
σB0 is the initial beam matrix, R is the transfer matrix of the solenoid used to focus the
beam like a lens. The transfer matrix is a product of the solenoid focal length fl and drift

























σB itself is defined as:
σB =
 < x2 > < xpx >




From this we find that the emittance is related to the determinate of the beam matrix.
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By measuring the beam size as a function of the solenoid strength, a parabola is formed.
The coefficients of the parabolic fit to this curve relates to the beam matrix. By fitting
the parabola formed while scanning solenoid strengths, extracting the coefficients and using
them to form the beam matrix, and finally taking the determinate will give you the emittance
of the beam.
This methodology of measuring the emittance does not consider space charge effects in
the transfer matrix and also uses a thin lens approximation. That is why this is really
only valid for extremely low bunch charges. Therefore, it is useful in finding the thermal
emittance of a beam.
The analysis can be improved by using the true non-thin lens transfer matrix of the
solenoid and this makes a more accurate measurement. Typically resulting in a emittance
10-15% larger than the thin lens approximation. Fig. 40 shows the graphs produced by
the analysis script used to analyze the data collected by tabulating the transverse size and
solenoid strength. The plot shows an emittance of 1.4 mm-mrad.
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Fig. 40: SOLENOID SCAN
5.1.3 EMITTANCE RESULTS
The thermionic cathode and the electrode symmetries produce a ”round beam”. Meaning
there is little variation between the x and y emittance values. The slit scan method for non-
magnetized beam is simpler to perform and analyze. For a 1DPP, its statistical calculation
is just as reliable, but it is typically necessary to scan the in both dimensions to get a reliable
x and y phase space reconstruction. Therefore, a slit scan method was primarily used with
this non-magnetized beam. The results of the emittance measurements are presented in
Fig. 41.
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Fig. 41: EMITTANCE RESULTS
Fig. 42 is an example of one of the reconstructed phase spaces using the slit scan mea-
surement.
Fig. 42: PHASE SPACE
Fig. 41 shows a general increasing trend in emittance with increasing bunch charge up
to 2.6 mm-mrad. The positive correlation of emittance with bunch charge says that there
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is also a positive correlation of emittance with bunch length. Since bunch charge is related
to bunch length, by virtue of the current profile equation Eq. 2, this is reasonably expected.
This general correlation was also seen in GPT simulations. Extending this emittance value
trend back to 0 C gives an intersection value of 1.47 mm-mrad.
The converging value of 1.47 mm-mrad implies this is the value for thermal emittance,
having no space charge contribution. The thermal emittance value can be more accurately
measured via solenoid scan and was found to be 1.4 mm-mrad. The larger thermal emittance
than the theoretically predicted 0.93 mm-mrad, from Eq. 15, can be attributed to the lensing
effect cause by grid near the emission surface. The measured normalized emittance values of
around 2 mm-mrad agree closely with other studies using the same emitter under conditions
with similar space charge effects [13].
5.2 BUNCH LENGTH MEASUREMENTS
The bunch length measurement was performed by using the DQW deflector cavity to
create a zero-crossing-angle deflection (crabbing), in order to project the longitudinal profile
of the bunch to the transverse plain to be seen on the YAG screen viewers. Due to the
bunch lengths being longer than the beam pipe and viewer screens, only partial longitudinal
projection is possible and therefore calculations must be used to find the real bunch length.
Two methods of calculating the bunch length have been used.
One method to find the bunch length, L, fits the projected length, P , to a RF phase
scan of maximal deflection, D. This provides a ratio that can then be compared to half the





This method assumes the projected length is within the approximately linear section of
the phase scan curve shown in Fig. 43.
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Fig. 43: PHASE SCAN
The phase scan is also used to determine the zero-crossing-angle. With a very accurate
phase scan, one could create a 1 to 1 mapping of projected length to phase angle and convert
that to bunch length, which is provided later in this section. However, this is still not as
accurate as the direct calculation used for the second method.
The second method is a direct calculation using the deflecting voltage, beam energy,
initial transverse size and projected length [17, 20, 21]. It was found that the full calculation
matched the theoretically predicted bunch lengths more closely for the control settings used.












Where σy is the measured transverse size after the deflection, σy0 is the initial transverse
bunch size. σz is the desired bunch length, V0 is the voltage used from the transverse de-
flection, λ is the wavelength of the transverse deflecting field which will match the length
associated with the frequency from the electron source. p is the momentum and is most
easily handled by converting to relativistic expression for kinetic energy, KE. Where KE is
the bunch energy given by the accelerating potential at the source. c is the speed of light, e
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is the fundamental charge, βa is the beta of the bunch at the location of deflection and βs
is the beta of the bunch at the viewer. The geometric mean of these values is close to the
drift length from the transfer matrix D. ∆Ψ is the betatron phase advance and is taken to
be π
2
. Finally, φ is the crossing angle and should be 0 for the best measurement. Applying









(KE2 + 2KEmoc2)(σ2y − σ2y0)
2πeV0D
(36)
This method produces the closest result to theoretical values of the bunch length and
the results for both methods at zero-crossing angle deflection are presented in Fig. 44 and
Fig. 45.
Fig. 44: RMS BUNCH LENGTH: PHASE SCAN FIT
Fig. 44 shows the expected increase of bunch length with bunch charge, but has a general
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overestimation of the theoretically calculated bunch length. This consistent overestimation
of bunch length can be attributed to a fundamental inaccuracy of the phase scan fit that
relies on an assumed linear fit to the phase scan curve. This is an ineffective way of measuring
the bunch length when compared to the analysis method using a direct calculation shown
in Fig. 45.
Fig. 45: RMS BUNCH LENGTH: DIRECT CALCULATION
The results from the direct calculation follow the theoretically calculated bunch length,
but mitigates the consistent overestimation that is seen in the phase scan analysis method.
In both cases, the values found from the larger deflecting cavity power provided the most
accurate results. This is due to the reduction of error when there is a larger deflection that
projects more of the longitudinal profile to the transverse plan.
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CHAPTER 6
DEMONSTRATION & CHARACTERIZATION OF
MAGNETIZED BEAM
As stated in the introduction, research into magnetized beams is of interest to several groups
of researchers for its interesting effects on beam dynamics. The magnetization component of
the research performed at GTS had three main goals. First, verification of the magnetization.
Second, subsequent characterization. Lastly, demonstration of high current magnetized
beam production.
A simple way to verify magnetization could be taking place, is an observation of oscil-
lating transverse size of the beam measured at a fixed location along the beamline. This
was performed with magnetized beam recording the transverse size on the YAG screen lo-
cated at Viewer 1. Quantifying or characterizing the magnetization involves measuring the
angular-momentum induced in the beam as a function of solenoid current and by extension
field strength at the cathode. A secondary goal in characterization regarding magnetization
involves showing that the process of magnetization does not affect bunch formation. Sim-
ulation would suggest that magnetization in gridded thermionic sources would not impact
the bunch length, but this has not been experimentally confirmed. This is tested by bunch
length measurements and determining the current profile of the bunch. This will also be an
opportunity to demonstrate the effectiveness of the 1DPP in magnetized bunch length mea-
surement. Finally, the very important milestone of demonstrating high-current magnetized
beam produced by a robust electron source such as the gun we have developed.
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6.1 MAGNETIZATION AND EMITTANCE
Although the magnetized emittance is not measured in this research, the effects of mag-
netization on emittance is important to discuss. Emittance is affected directly by magne-
tization as the angular-momentum creates a correlation of position and momentum along
an orthogonal axis. Conceptually this can be understood because as the transverse face
rotates, a particle in a given position in x will rotate some angle φ. In a linear model this
changes the position in y by δy = x sin(φ). Since y is changing position that means it has
momentum that is dependent on the angular-momentum (magnetization) and position in
x. The particle will have an intrinsic momentum in x and y, but with the introduction of
magnetization the total emittance has two components; the intrinsic uncorrelated emittance
εu and the correlated emittance εm. Their relation can be described by Eq. 37.
ε2 = ε2m + ε
2
u (37)
This is important to understand in terms of beam transport as the beam becomes sig-
nificantly more divergent with magnetization which had to be considered when performing
the angular-momentum and bunch length measurements of magnetized beam. In simulation
the rms uncorrelated emittance is calculated by fitting a least-square line of best fit, with
gradient m to the (y, ρx) phase space and calculating non-rotated momenta: ρy = ρy0 −mx
where ρy0 is the original momentum. In practice this is a difficult value to determine exper-
imentally. The next section elaborates how it may be achieved using the 1DPP.
Shown in Fig. 46 is a simulation of a beam image on the viewer, combined for 5 vertical
positions. Labels in the figure are as follows: a. Rotated beamlets at viewer. b. Initial
beamlet locations. c. Image of superimposed beamlets. d. Superimposed beamlets with
rotation removed.
72
Fig. 46: SIMULATED BEAMLETS
Utilizing a similar analysis described in Chapter 5, the uncorrelated emittance can be
measured for magnetized beams with the 1DPP. By changing perspective of the image on
the viewer one can view the line of holes in the average rotated plane to gain insight into
the uncorrelated emittance Fig. 46d. This is done by calculating the average rotation and
removing this from the image, then one would divide each beamlet, taking their intensity
profiles and calculating their moments as with the normal analysis. Now, the total vertical
uncorrelated emittance is revealed, εu,y. The same can be done for the horizontal plan, εu,x
but again requires a few additional horizontal beam scans to create more data points. It is
expected that the uncorrelated emittance is the same as the thermal emittance when space
charge is insignificant.
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6.2 TRANSVERSE MISMATCH OSCILLATIONS IN
MAGNETIZED BEAM
The presence of a magnetizing solenoid causes an effect on beam dynamics that is worthy
of discussion and measurement. When the beam is accelerated inside the magnetic field that
is not uniform near the cathode, there are unbalanced forces that cause transverse mismatch
oscillation. Previous work indicates that this observation shows changes from converging to
diverging in the beam envelope function. To understand this behavior, we look at Reiser’s
function for the radial equations of motion [33].
r′′ +
ω2L(z)− ω2L(z = 0)
β2c2





In Eq. 38 and Eq. 39, ωL is the relativistic Larmor rotation frequency, B is the magnetic
field, γ is the Lorentz factor, β is the ratio of velocity to the speed of light, c is the speed of
light, m is the rest mass and e is the elemental charge.
In a “matched” condition, the magnetic field is uniform and the particle is not acceler-
ating meaning, B and γ are constant. In a condition where the relativistic Larmor rotation
frequency is not constant, i.e. the electrons are accelerating, ω2L(z) 6= ω2L(z = 0). This
causes an unbalanced net radial force.
This oscillation in transverse size can be measured at a fixed location downstream by
varying the magnetic field that the bunch accelerates through. If the solenoid was just
causing focusing the size would continue to shrink until the focal point passes the location
of measurement and then the beam would continue to diverge. To quantify this effect on
beam dynamics the beam size was measured at Viewer 1, 1.4742 m away from the cathode,
on the diagnostic beamline with no other corrector or solenoid magnets on. The only variable
changed is the magnetic field at the cathode. The graph of the measurement results is shown
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below and its comparison to simulated values.
Fig. 47: OSCILATION FROM MISMATCH
The graph clearly shows period of focusing and period of divergent beam which is de-
pendent on the frequency of oscillations and the phase of the oscillation at the location of
the first viewer.
6.3 ANGULAR-MOMENTUM MEASUREMENT
Angular-momentum becomes a dominating effect on beam dynamics and is the charac-
teristic trait of a magnetized beam. Therefore, it is a property that is worth measuring.
This measurement has been done with a standard slit [2] and can also be performed using
the 1DPP. The analyses for both are extremely similar. The slit measurement is performed
by passing a beamlet through the aperture, allowing a drift, and subsequent rotation of the
beamlet to be measured on a viewer further down the beamline. Eq. 40 is a calculation based
on the angle of rotation, energy of the beam and drift length that calculates the average
angular-momentum. The analysis using the 1DPP is similar with the exception that the
beamlet is no longer a continuous line, but discrete points. This allows for not only the cal-
culation of the average angular-momentum, but the angular-momentum can be described as
a function of the radius. This could yield interesting results for strongly magnetized beams
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that developed non-linear angular-momentums.
For the slit measurement the conceptual image of the measurement is shown in Fig. 48
[2].
Fig. 48: < L > DRIFT & ROTATION
Here σi is the beamlet size on the viewer, φ is the sheering angle, and D is the drift





Comparatively, Fig. 49 below depicts the general behavior of beamlets after they pass
through the 1DPP.
(a) Initial Beamlets at 1DPP
(b) Final Rotation of Beamlets at Viewer
Fig. 49: < L > ROTATION OF BEAMLETS
Now, discrete radii may be taken to find the angular-momentum at each initial point on
76
the transverse face of the beam.
Knowing the orientation of the array, the angle of rotation, θ, can be measured a distance
D down the beamline at a viewer. The beamlets are identifiable from the 1DPP design and
therefore any one beamlet can be associated with a well-defined initial radius ri. The radius
of the beamlets at the viewer, rf , is also attained. We have no accelerating structures
so the linear-momentum pz of the bunch can be calculated from the gun voltage. The











As an added benefit, measurement of individual points lend the opportunity to fit a
function of L(ri). Which, as already stated, could be useful if non-linear behavior is observed
which is common particularly at high space charge [34, 35]. For this method of measurement,
it is important that the beam passes through the aperture at a waist for the equations to
properly apply with the beamlet drift. This can present challenges because the beam, as
already discussed, oscillates in size as magnetization increases. This means that solenoids
values must be adjusted to ensure the beam is at waist for every measurement condition.
The measurement for the angular-momentum over a range of magnetization has been
performed, ranging from 0 A to 100 A of solenoid current. Fig. 50 displays non-magnetized
beamlet as seen on viewer. The streak to the left is reflected light off of the metal frame of
the viewer. The horizontal streak is the beamlet and the box surrounding the beamlet is the
boundary used to designate where the imaging software integrates the photon intensities.
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Fig. 50: NON-MAGNETIZED BEAMLET
Fig. 51 displays magnetized beam for comparison.
Fig. 51: MAGNETIZED BEAMLET
The data from the experimental measurement of angular-momentum as a function of
solenoid current is plotted in Fig. 52. The figure also shows the theoretical trendline which
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calulated from Eq. 4, in Chapter 1, to compare.
Fig. 52: < L >
The results of this measurement generally follow the correct trend, but do oscillate
around the expected value. This can be attributed to challenges of beam transport. For
example, finding proper solenoid values for true beam waist as well as errors that can arise
for having such a large magnetic field that extends almost 2 m down the beamline. This
error increases as the magnetic field increases and that is reflected in the error bars on data
points above 80 A.
6.4 MAGNETIZED BEAM BUNCH LENGTH
The initial motivation for the 1DPP was the longitudinal profile measurement for mag-
netized beam. The advantage of utilizing the 1DPP is that it reduces an inherent error in
the standard procedure for longitudinal measurements. In general, a bunch being deflected
will not give a complete longitudinal projection in the transverse plan. Without this ideal
projection, a large transverse size of a bunch causes an inaccuracy to the projected image
because the projected size will be artificially larger. The image will be the projected size of
the tilted bunch from the top of the previously normal transverse face to the bottom of the
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previously transverse face. See Fig. 53b.
(a) Initial Longitudinal View of Bunch
(b) Longitudinal View of a Deflected Bunch
Fig. 53: BUNCH DEFLECTION SCHEMATIC
By passing the beam through this 1DPP a small beamlet can be deflected to give a much
more accurate measurement as shown in Fig. 54:
(a) Initial Longitudinal View of Beamlet
(b) Longitudinal View of a Deflected Beamlet
Fig. 54: BEAMLET DEFLECTION SCHEMATIC
This is because the correct length should be the distance from the center of the trans-
verse face in the front of the bunch to the center of the transverse face in the back of the
bunch. Extracting the correct value for the calculation is difficult without the 1DPP, in
that, it is not possible to know how much the transverse face of the bunch is contributing to
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the projected longitudinal size. The calculation is inaccurate without knowledge of the ap-
propriate locations to “cut-off” the projected size. This inaccuracy will give an overestimate
for the bunch size.
If the transverse face is much less than the bunch length, this error is less of a factor; hence
the benefit of the 1DPP. Furthermore, this error is especially pronounced in magnetized
beam that has a large emittance and is therefore more divergent. Leading it to have a larger
transverse size.
Moreover, large bunch sizes are limited in possible longitudinal projection, either due
to size of viewer or the beam pipe. With a beamlet, a much larger transverse kick can
be applied and therefore a more accurate longitudinal projection. This comparison is clear
from simulation. Fig. 55b shows the simulated deflection of a full beam.
(a) Simulation of Initial Transverse View of
Bunch
(b) Simulation of Transverse View of Deflected
Bunch
(c) Simulation of Initial Transverse View of
Beamlet
(d) Simulation of Transverse View of Deflected
Beamlet
Fig. 55: SIMULATED DEFLECTED & NON-DEFLECTED BUNCH AND BEAMLETs
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For comparison, Fig. 55d shows the simulated deflection of beamlets passed through the
1DPP. The curvature is caused by nonlinearities from fringe fields and space charge. A slit
could have similar effect for a non-magnetized beam. However, the contribution of this error
in non-magnetized beam is negligible when the direct calculation from kick voltage is used
as it accounts for the initial transverse size (Eq. 36).
The slit is not effective for a magnetized beam. The deflection of the kick from the cavity
and the inherent rotation causes too many variations along the projected view of the bunch
causing a distortion of the image on the viewer which is challenging to analyze accurately,
as < L > must be accounted for. By changing the slit into individual holes, each beamlet
can be individually tracked back to its initial location allowing for an accurate longitudinal
profile along the whole transverse face of the bunch. Therefore, it is possible to accurately
measure not only the overall bunch length, but bunch length that may vary transversely.
By simply applying Eq. 36 to each beamlet.
Below are several images that illustrate this exact benefit in real beams. Fig. 56 displays
the deflection of the full highly magnetized beam.
Fig. 56: HIGHLY MAGNETIZED DEFLECTED BEAM
Fig. 57 in comparison, show the deflection of the beamlets passed through the 1DPP.
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Fig. 57: DEFLECTED BEAMLETS
By measuring the size and intensity of multiple beamlets we can not only improve the
bunch length measurement but we can actually construct the bunch’s current profile,which
was performed, generating the plot in Fig. 58.
Fig. 58: CURRENT PROFILE
The profile closely follows a truncated cosine form as predicted by the model provided in
Chapter 1. The trailing tails of the graph are from background signal in the digital camera.
The signal-to-noise ratio is not larger because the YAG screen luminosity is dependent on
charge and energy of the beam. The energy of the beam is low for YAG crystals at 90 kV
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and the charge is diffuse due to the nature of the beamlet being deflected and having low
total charge.
Several measurements of bunch length were made to investigate the effectiveness of the
1DPP in improving the measurement. First, the calculated bunch length for the full beam
was compared to beamlets at varying magnetizations, but with the same bunch charge. The
bunch charge and bunch length are directly related and therefore should result in the same
bunch length regardless of magnetization. This is the exact behavior found in the results
from Fig. 59 displaying bunch length as a function of magnetization.
Fig. 59: BUNCH LENGTH & MAGNETIZATION
The results demonstrate immediately the usefulness of the 1DPP as the error from
increased magnetization becomes evident for the full beam. While the beamlet remains
unaffected and stays close to the theoretical value for the bunch length of this charge.
Then the 1DPP was used to measure the bunch length as a function of bunch charge.
The results from this series of measurements are presented in Fig. 60 and indicate good
agreement to theoretical values.
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Fig. 60: BUNCH LENGTH & BUNCH CHARGE
It is important to note that the bunch lengths shown are slightly smaller than the
previous measurements because these measurements were performed at 90 kV. This was
possible because the use of the 1DPP removed the problematic FE beam. Operating at
90 kV improves the transconductance, meaning a higher bunch charge for a shorter bunch
length.
6.5 HIGH-CURRENT MAGNETIZED BEAM
In this section, the culminating effort of this research are presented. After commissioning
the gridded thermionic electron source, characterizing the beam and its magnetized proper-
ties; a demonstration of its ability to safely produce a stable high-current magnetized beam
is desired.
The higher currents exposed issues that were not detected at the viewer safe currents.
Although the FE beam current is dependent only on cathode temperature and on the HV
when the effective voltage on the cathode is below the cut-off voltage, when the effective
voltage is significantly above cut-off voltage, the FE beam current increases to the point of
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being problematic with safe beam transport.
The transport becomes problematic because when the beam is magnetized, the FE beam
and real beam developed different beam envelopes. As the current increases, significant
amounts of radiation and beam scraping takes place. The diagnostic beamline was not
prepared or designed to handle these two different beam transports simultaneously. A great
deal of effort went into minimizing the radiation and scraping of the beams to accurately
monitor the real beam current as well as reduce the risk of venting the beamline. A current
of 20 mA was accomplished during a radiation survey as well as a three hour demonstration
of highly magnetized 11 mA beam at the 90 keV energy. This is a higher current than
the source at TRIUMF using similar technology. Furthermore, the TRUIMF beam is not
magnetized.
Unfortunately, after these accomplishments, while attempting to improve beam transport
in an attempt to push the current above 20 mA the beamline was vented as an electron
beam bored through the thin wall of bellows on the beamline.
The following sections will detail the beam transport issues, the successful demonstration
of 11 mA highly magnetized beam and finally the venting and recovery of the gun.
6.5.1 MAGNETIZED BEAM TRANSPORT
Fig. 61 shows the difference in the beam envelopes between non-magnetized beam trans-
port and magnetized beam; even at low levels of magnetization. For non-magnetized beam,
the real beam falls nearly in the center of the FE beam. When magnetized, even at a
relatively low solenoid current, the real beam envelope disassociates with the FE beam.
Fig. 61b shows the beam outside of the FE beam at a solenoid current of 25 A. Per Fig. 28
in Chapter 4, the FE current is on the order of 1 µA.
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(a) Real beam center on FE beam (b) Real beam and FE beam diverge
Fig. 61: BEAM TRANSPORT
This divergence in transport, causes inability to send beam to the dump without scraping,
causing radiation that interferes with beamline magnets. The magnets can be “tripped”;
mismatching the control values to the current readback from the magnets. This could
dangerously misdirect the beam. Fig. 62 is a screen capture of the Epics controls after such
a mismatching event. The mismatched indicators, denoted by red dots on the left, are lit
for two solenoids and one corrector magnet used for steering.
Fig. 62: MAGNET MISMATCH
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This effect at high magnetization and high beam currents created high risk condition
that had to be carefully handled. The operator in this case is forced to intentionally scrape
a safe current of FE beam in a low-risk region of the beamline while optimally transporting
the real beam as best as possible.
6.5.2 HIGH CURRENT RUN
In order to best transport high current highly magnetized beam, GPT was used to find
the optimal magnets settings for transport of the real beam.
While using these magnet settings and with radiation monitors in place to hopefully
warn of dangerous FE scraping, 11 mA of beam was produced with the magnetizing solenoid
current set to 84 A. The Epics plot of this achievement is shown in Fig. 63 & Fig. 64. Fig. 63
contains information for the current, vacuum, gun voltage, and solenoid current. The first
two lines report the current at the beamline dump. The next five lines on the plot are
the vacuum readings from the 5 ion-pumps along the beamline. The eighth line on the
plot shows the gun voltage in kV. The last line in the plot shows the current through the
magnetizing solenoid in Amps.
Fig. 63: EPICS LIVE PLOT 1
Fig. 64 contains information from all of the bemaline radiation monitors.
88
Fig. 64: EPICS LIVE PLOT 2
The gun at TRUIMF produces 10 mA of non-magnetized electron beam. The source at
GTS surpassed that current for several hours with a strongly magnetized beam. This has
not been done before with this kind of technology.
A radiation survey was performed after this accomplishment in which the current was
pushed up to 20 mA achieving the new design goal for current. However, this current was
only produced for a short period of time for purposes of radiation monitoring in hopes of
doing a later long term run.
Unfortunately, while preparing for this long term the thin material of a bellows in the
beamline was penetrated by the beam and caused a venting of the vacuum. This causes
a total system failure and ended the experimental work investigating this source. The
remaining work involved recovering the vacuum and establishing the condition of the gun
and if it was still functional. The following chapter details this process.
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CHAPTER 7
BEAMLINE VENT & GUN RECOVERY
A bellows, shown in Fig. 65, is a flexible section of pipe that is a necessary beamline
component that allows one to adjust alignment down the entire beamline. This flexibility
comes from the corrugation of thin metal that makes up the bellows.
Fig. 65: BELLOWS
Although these are necessary, they do create a weak point in the beamline that is prone
to being punctured either mechanically or by stray electron beams.
As described in the previous chapters, the combination of the FE beam, and different
beam envelopes for different levels of magnetization, caused a transport issue. The scraping
beam and radiation caused issues with magnet settings on the beamline and posed a high
risk of steering a high current beam into a bellows which would then cause a puncture in
the thin material, venting the beamline. It is fundamental to the operation of accelerators
and stability of charged particle beams that they maintain a high vacuum environment.
Therefore, venting the beamline is a catastrophic event that causes failure of the whole
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system. This is exactly what occurred. A bellows was punctured by stray beam at 5 mA of
current and 84 A of magnetizing solenoid current. The Epics plots recording the event are
Show in Fig. 66 and Fig. 67. In Fig. 66, one can see the current collected at the beamline
dump drop to 0 A, the vacuum levels (lines 3-7) jump to atmospheric pressure.
Fig. 66: EPICS: VENT VACUUM
A large spike in radiation on the radiation monitors along the entire beamline in Fig. 67.
Fig. 67: EPICS: VENT RADIATION
This beamline venting caused immediate shutdown of the electron source and all power
to the gun was removed. The exposure to atmosphere could cause various forms of damage
to the cathode and it was not known if the source was recoverable.
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The first step in an attempt to recover the gun was to reduce the time the cathode would
be exposed to atmospheric conditions. The beamline valves to the gun were closed and the
vacuum work for the gun section began immediately. The turbo-pump was powered on and
the system was brought down to a safe vacuum of at least 10−7 Torr. The gun chamber
quickly reached safe vacuum; guaranteeing that the beamline vent was in a different section
of the beamline. While the gun section was valved off, the other sections needed to be leak
checked.
Leak checking is a necessary process when initially building the beamline to ensure that
all flanges are sealed and no leaks are present, allowing for ultra-high vacuum conditions.
This requires a Residual Gas Analyzer (RGA) sensitive enough to detect partial pressures
of elemental gases in the 10−12 Torr range. Depending on what gasses are present, and in
what concentrations, one can understand if there is a leak. When providing a source of
Helium to a specific section of the beamline, if that elemental marker spikes, it indicates
where a leak is located. However, that is mostly effective for very small leaks. The turbo
vacuum pump was able to provide vacuum in the beamline down to 10−5 Torr, indicating
a large leak. The challenge was then to find the leak so that the location could be fixed
without being able to produce vacuum in a range that is viable for the typical method of
using the RGA and Helium.
The location of the leak was found to be on the second set of bellows on the beamline.
This was identified by utilizing the fact that the gauge for vacuum pressure on the turbo
is particularly sensitive to vaporized alcohol. Using a narrow nozzle applicator, isopropyl
alcohol was applied to different regions of the beamline and a dramatic spike in vacuum
would be seen momentarily on the turbo’s gauge when the alcohol was near the leak.
With the location of the leak identified, the beamline could be efficiently repaired. The
location of the leak was not surprising given the previously discussed vulnerability of the bel-
lows. The location is also immediately after the solenoids and corrector that were typically
mismatched by the radiation and beam scraping. Fig. 68 shows the small hole formed in the
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bellows by the electron beam. The bellows were replaced and a full leak check was performed
on the new flanges. The vacuum was recovered to the previous operating conditions.
Fig. 68: HOLE IN BELLOWS
Once the leak was repaired and vacuum was established, a full cathode activation had
to be performed. It was not known if the cathode could be an efficient emitter or if it would
even be able to heat properly, but during the activation process outgassing and the relationg
between voltage and current stayed within reasonable values. The view port helped confirm
effective cathode heating by allowing a view of the hot cathode. With the cathode activation
complete, high voltage was provided and the controls form previous operations were tested.
The safety feature on the heater power supply worked, and beam under similar control
setting and gun voltages was reproduced. Fig. 69 is an image of 90 kV beam that signaled
the effective recovery of the electron source.
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Fig. 69: RECOVERED BEAM
Although this was an unforseen event, it emphasizes the true robust nature of this source.
If a traditional photocathode source were to be used, and be exposed to atmosphere, there
is no possible way that it could be recovered in this same way. An entirely new cathode
would need to be grown and installed. Regardless, it would be prudent, in a real accelerator




This thesis presents the results of the research performed at Thomas Jefferson National
Accelerator Facility’s Gun Test Stand focused on the development of a unique electron
source. Specifically, a robust high-current gridded thermionic gun capable of producing
bunched magnetized beam, which could be attractive for both commercial and large-scale
laboratory applications.
Combined efforts of JLab and Xelera Research Inc. has resulted in the complete fabri-
cation, commissioning, and characterization of this gridded thermionic electron source that
is capable of producing stable high average currents with macro-pulsing capabilities and
potential for magnetization.
Throughout this research, important skills have been professionally developed. For ex-
ample: development of simulations, fabrication of novel diagnostic devices and RF cavities,
experimental measurement, and thorough independent research; investigating and explain-
ing results. Working through unexpected challenges from the beginning, the materials de-
livered for the source were not functional; requiring work in redesigning and constructing
an electron source based on technology infrequently used at JLab.
This document delivers and explains the design of this compact gun, results of the com-
missioning process and beam characteristics; contributing information about characterizing
angular-momentum, and bunch length. The results also demonstrate the usefulness of a
novel diagnostic strategy for bunch length of magnetized beam, and demonstrating high-
current magnetized beam.
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8.1 SUMMARY OF RESULTS
The main components of this thesis involved commissioning, characterization, magneti-
zation, and gun recovery after a beamline venting.
The results of commissioning gave a collection of control values that can be used to
provide precise beam conditions that dictate bunch charge and size. The macro-pulsing
function was shown to work successfully to control the average current and stable beam was
demonstrated to validate the accuracy of the control settings and measured values. The
commissioning process made the gun functional and established operational conditions for
the gridded thermionic electron source.
The beam characterization focused on normalized transverse emittance, thermal emit-
tance and bunch length. The measured normalized emittance values were on the order of 2
mm-mrad with a largest value measured being 2.6 mm-mrad as the bunch charge increased.
The thermal emittance value of 1.4 mm-mrad was measured via solenoid scan and is con-
sistent with similar sources. The larger thermal emittance than the theoretically predicted
0.93 mm-mrad can be attributed to the lensing effect caused by the grid near the emission
surface. Lastly, for this portion of research, the bunch length measurements confirmed that
the bunch length varied as theory would predict depending on the bunch charge and the
associated current profile.
The magnetization results include measurment of mismatch beam oscillation from the
solenoid field that generates the canonical angular-momentum. The values of angular-
momentum were also measured as a function of solenoid current, and show a positive trend
that closely follows the theoretical values. The deviation from theory in these results could
be attributed to non-uniformities in the magnetic field as well as the beam not being at a
waist when passing through the aperture.
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Bunch length measurements were also performed for magnetized beam using the specif-
ically designed DQW Cavity and 1DPP diagnostic. The results of this measurement con-
firmed that magnetization does not negatively affect bunch formation. This process also
conclusively proved the effectiveness of the novel 1-dimensional-pepper-pot diagnostic tool
for magnetized beams. The gridded thermionic electron source produced 11 mA of strongly
magnetized beam and was documented to run stably for several hours.
The last results to report for this thesis is the recovery of beam after a catastrophic
beamline venting. The gridded thermionic electron gun produced 20 mA current; meeting
the design goals of the source. When attempting to push past this threshold with magnetized
beam complications in beam transport caused loss of vacuum. The beamline had to be
repaired and the source cathode had to be reactivated and operational conditions had to
once again be checked. Thanks to a safety condition that had been implemented on the
heater current power supply, the beam was successfully recovered.
Reviewing the objectives of this work shows that we accomplished the following:
• Designed, constructed, and commissioned a compact gridded thermionic electron source.
• Characterized non-magnetized beam bunch length, normalized transverse emittance,
and thermal emittance; that agree with theory.
• Characterized magnetized beam angular-momentum, bunch length, and normalized
transverse emittance over a range of solenoid currents; with good agreement.
• Demonstrates non-magnetized beam currents up to 20 mA and 11 mA of strongly
magnetized beam for several hours.
8.2 SIGNIFICANCE OF CONTRIBUTIONS
It is evident that the work performed is directly advancing the scope of research and
capabilities utilizing this method of producing electrons for accelerator applications. The
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gridded thermionic gun could be used for two different experiments related to magnetized
beam that are scheduled to run at GTS. Diagnostics specifically designed for magnetized
beams have been developed and experimentally demonstrated to work as intended. These
diagnostic tools and methods could be used in future diagnostic beamlines intended for
studying magnetized beams.
8.2.1 OVERVIEW OF TWO FUTURE EXPERIMENTS THAT COULD PO-
TENTIALLY USE THIS SOURCE
TE Cavity Passive Magnetization Detection
The magnetization measurements performed in this research involves invasive measurements
that destroy the beam itself. A noninvasive, real time monitoring system is highly desired to
quantify electron beam magnetization. The thermionic gun could be used to test a passive
TE011 mode copper RF cavity as such a monitor [36].
One potential concern of the resonance type magnetic moment monitor that could be
used to detect magnetization is a false signal excited by non-magnetized current, usually due
to the longitudinal component of electric field along the beam path. However, the TE011
mode in a cylindrical symmetric cavity will only have azimuthal E-field, making it an ideal
candidate for this kind of passive measurement. The cavity is functionally detecting the
rotation of the beam along the cavitys electric center axis.
The cavity has a fundamental frequency of 2994 MHz and any subharmonic beam can
drive the cavity. The gun could be adjusted to run at 499 MHz.
The RF signal power excited by the beam is theoretically proportional to the square
of the beams magnetic momentum. For low energy beam, like the one produced by the
thermionic gun at GTS, the cavity could provide sufficient signal strength and low noise.
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Ionization & Ion Trapping in Magnetized Beam
The previous work at GTS with a photogun indicted that some ion generation and subse-
quent ion trapping was taking place when magnetized beam was produced. Ion production
due to ionization of residual gas generally leads to negative effects on the lifetime and
performance of electron accelerators. Ion trapping could have interesting uses and better
understanding the phenomena seen at GTS could lead to incites regarding the mechanics of
ion trapping as well as the rate of ion production. Ion production near photocathodes could
pose a risk for decreased quantum efficiency over prolonged exposure [37, 38]. Thermionic
guns are largely insensitive to ion back bombardment or to fluctuations in vacuum. There-
fore, using the thermionic gun to further researcher the ion production and trapping is
potentially very helpful. Other issues related to ion trapping such as fast ion instabilities,
charge neutralization, and beam loss are other reason to further investigate [39,40,41].
Ions with sufficiently low energy can be temporarily trapped within the magnetic mirror
effect due to the sharp gradients in magnetic field at either end of a magnetic well [42]. A
combination of steel shielding and the large magnetic field produced by the magnetizing
solenoid creates these kinds of magnet wells. Two viewports were added to the part of
the beamline within the gun solenoid. An angled viewport will look for light emission due
to recombination of electrons and ions trapped due to the E-field of the anode, which is
electrically isolated and able to be biased, and B-field of the gun solenoid. The second,
perpendicular viewport, will be used to look for light in a magnetic well trap.
The experiment will measure the intensity and wavelength of light emission from these
regions using a spectral analyzer. The measured light will be characteristic of the identity
of the ion, as every atom has characteristic spectral lines associated with it. the intensity
of light can be related to the amount the ion production that is taking place within the




With this research completed, there are still several aspects of this design and technology
that could be improved by future engineers. One aspect being how best to mitigate the FE
beam caused by the heated structure supporting the grid. Potential avenues of research
could include apertures to safely remove the FE beam from the desired RF modulated
beam and custom material that have a significantly higher work function that could be used
to support the grid. Better cathode electrode design could also help improve this aspect of
the source.
Investigating a custom structure to support the grid would also be an opportunity to op-
timize the cathode grid gap to the design frequency. The Y-845 cathode used in this research
is a commercially purchased item with no options to adjust the cathode grid gap. Due to its
geometry, this structure had a peak RF absorption at 1.07 GHz, but if it could be adjusted
to have peak absorption at 500 MHz, the guns efficiency would improve significantly.
Future designs would benefit from an active tuning system so that the RF transmission
line remains matched to the 50 Ω cathode as the current, and therefore beam-loading,
changes. Remaining matched would maximize the peak RF voltage on the grid. A greater
peak voltage would make bunch lengths shorter for a given bunch charge, but also allow for
larger bunch charges in general; and by extension higher overall current.
As an addition to active tuning, the system would benefit from greater levels of RF
amplification for the same reasons. Increasing the available amplification would cause similar
challenges experienced in this design. Specifically, the issue of electrical interference on the
hot deck and increased heat production that would need to be mitigated.
Finally, the introduction of RF using multiple harmonics on the grid would be a valuable
advancement, as it could allow for arbitrary bunch profile from uniform distributions to
short, high bunch charge distributions. There would be significant engineering challenges
associated with implementing such a system, but the technology would benefit greatly from
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this advancement. This concept is described in greater detain in appendix B.
8.4 CLOSING STATEMENT
In conclusion, Xelera and JLab has successfully manufactured a working gridded thermionic
electron source that has been commissioned to operate at 90 kV, fully characterized at 55
kV, and used to demonstrate a source of magnetized beam.
With some modifications to initial design parameters and components, the resulting gun
matches theoretical values and behavior in terms of controllability and beam properties
produced.
The work on this thermionic source is a useful platform to build upon for future improve-
ments of gridded thermionic electron sources; having potential in conventional research and
industrial applications.
The compact design, methods of magnetized characterization, and demonstration of
high-current magnetized beam all represent new contribution to the body of knowledge and
work related to accelerator technology and specifically electron sources.
101
REFERENCES
[1] M.A. Mamun, et al. ”Production of Magnetized Electron Beam From a DC High
Voltage Photogun”, IPAC’18, (2018).
[2] S.A.K. Wijethunga, et al. ”Simulation Study of the Magnetized Electron Beam”,
IPAC’18, (2018).
[3] G.H. Wei, et al. ”Status of The JLEIC Ion Collider Ring Design”, DOI:
10.18429/JACoW-IPAC2018-MOPML002, IPAC18, (2018).
[4] D. Satoh, M. Yoshida, N. Hayashizaki. Development of better quantum efficency
and long lifetime iridium cerium photocathode for high charge electron RF gun.
Proceedings IPAC13 (2013)
[5] R. Forman and D. H. Smith, ”Thermionic cathode life-test studies,” in IEEE Transac-
tions on Electron Devices, vol. 26, no. 10, pp. 1567-1572, Oct. 1979, doi: 10.1109/T-
ED.1979.19653.
[6] Shoji Suemine, et al. Grid pulser for an electron gun with a thermionic cathode for
the high-power operation of a terahertz free-electron laser. Nuclear Instruments and
Methods in Physics. Volume 773, 11 February 2015, Pages 97-103. (2015)
[7] Ya. Derbenev, University of Michigan Report No. UM-HE- 98-04 (1998).
102
[8] A.S Artamonov, Ya. Derbenev. ”Positron Cooling in a Magnetized Electron Beam”,
Sov. Phys. JETP 67 (5) (1988).
[9] F. Ames, et al. ”The TRIUMF ARIEL RF modulated electron source”, Proceedings
of EIC14, Newport News, VA, USA (2014).
[10] Y.E Sun, et al. ”Generation of Angular-Momentum-Dominated Electron Beams from
a Photoinjector”, PRAB 7, 123501 (2004).
[11] A. Halavaau, et al. ”Magnetized and Flat Beam Generation At The Fermi Lab’s FAST
Facility”, IPAC2018, Vancouver, BC, Canada, DOI:10.18429/JACoW-IPAC2018-
THPAK061 (2018).
[12] F. Ames, et al. ”Operation of an RF Modulated Electron Source at TRIUMF”,
DOI:10.18429/JACoW-IPAC2018-THPML025, IPAC18, (2018).
[13] T. Asaka, et al. ”Low-Emittance Radio-Frequency Elctron Gun Using A Gridded
Thermioinc Cathode”, Phys. Rev. Acc& Beams, 23, 063401, (2020).
[14] A. Romanov, et al, Comissioning and Operation of Fast Electron LINAC at Fermi
Lab, Proc. of IPAC2018, Vancouver, Canada, paper THPMF024, (2018).
[15] S.B van der Geer, M.J de Loos. General Particle Tracer User Manual, Version 3.35
103
[16] M. Stefani, G.T. Park. ”Double Quarter Wave Deflector Cavity Design & Simulation”,
IPAC’19, (2019).
[17] M. Stefani, F. Hannon. ”Longitudinal Bunch Profile Diagnostic for Magnetized
Electron Beams”, Phys. Rev. Accel. Beams 22, 112802 (2019).
[18] F. Hannon, M. Stefani. ”Transverse Uncorrelated Emittance Diagnostic for Magnetized
Electron Beam”, Phys. Rev. Accel. Beams 22, 102801 (2019).
[19] http://www.cst.com
[20] P. Emma, et al. ”A Transverse RF Deflecting Structure for Bunch Length and Phase
Space Diagnostics”, SLAC, LCLS-TN-00-12 (2000).
[21] R. Akre, et al. ”Bunch Length Measurement Using A Transverse RF Deflecting
Structure in the SLAC LINAC”, SLAC, Stanford, CA 94309, USA (2002).
[22] M. BastaniNejad, et al. ”Improving The Performance of Stainless-Steel DC High
Voltage Photoelectron Gun Cathode Electrodes via Gas Conditioning with Helium or
Krypton”, Nucl. Instr. and Meth. in Phys. Res. A, Vol. 762, pp. 135141, (2014).
[23] K. Floettmann. ”Some basic features of the beam emittance”, Phys. Review Special
Topics, Accl. Beams, Vol 6 (2003).
104
[24] Min Zhang. ”Emittance Formula for Slits and Pepper-pot Measurement”, Fermi
National Accl. Lab, TM (1988).
[25] D. Xiang, et al. ”Transverse Phase Space Tomography Using a Solenoid Applied to a
Thermal Emittance Measurement”, Phys. Rev. ST Accel. Beams 12, 022801 (2009).
[26] S.G. Anderson, et al. ”Space-charge effects in high brightness electron beam emittance
measurements”, Phys. Review Special Topics, Accl. Beams, Vol 5 (2002).
[27] K.L.Brown.A First and Second Order Matrix Theory for the Design of Beam Transport
Systems and Charge Particle Spectrometers, SLAC Report 75, (1982).
[28] J. Buon. Multi-Dimensional Beam Emittance and -Functions, Proceedings of the
Particle Accelerator Conference, Washinton D.C., (1993).
[29] M.E. Dolinska, N.L. Doroshko. ”Pepper-Pot Diagnostic Method to Define Emittance
and Twiss Parameters on Low Energies Accelerators”, Problems of Atomic Science
and Technology, p. 107-111 (2002).
[30] K.Wille. ”The Physics of Particle Accelerators: an introduction”, Oxford University
Press, (2005).
[31] H. wiedemann. ”Particle Accelerator Physics I: Basic Principles and Linear Beam
Dynamics”, 2nd edition, Springer, Berlin, (2003).
105
[32] K. Kubo. ”How to Calculate ’Intrinsic’ Emittance from 4-Dimensional Beam Matrix”,
ATF Internal Report 99-02, (1999).
[33] M. Reisner. Theory and Design of Charged Particle Beams, Second Edition. Print
ISBN:9783527407415 (2008)
[34] S.G. Anderson, et al. ”Space-Charge Effects in High Brightness Electron Beam
Emittance Measurements”, Phys. Review Special Topics, Accl. Beams, Vol 5 (2002).
[35] H. wiedemann. ”Particle Accelerator Physics II: Nonlinear and Higher-Order Beam
Dynamics”, 2nd edition, Springer, Berlin, (2003).
[36] J. Guo, et al. ”Using a TE011 Cavity As A Magnetc Momentum Monitor”, IBCIC
2018, Shanghai, Chin DOI:10.18429/JACoW-IBIC2018-MOPB17 (2018).
[37] J. Grames, P. Adderley, J. Brittian, D. Charles, J. Clark, J. Hansknecht, M. Poelker,
M. Stutzman, and K. Surles-Law. Ion back bombardment of GaAs photocathodes
inside dc high voltage electron guns. In Proceedings of the 2005 Particle Accelerator
Conference, pages 28752877, May 2005. doi: 10.1109/PAC.2005.1591299.
[38] J. Grames, P. Adderley, J. Brittian, J. Clark, J. Hansknecht, D. Machie, M. Poelker,
E. Pozdeyev, M. Stutzman, and K. Surles-Law. A biased anode to suppress ion back-
bombardment in a dc high voltage photoelectron gun. AIP Conference Proceedings,
980(1):110-117, 2008. doi: 10.1063/1.2888075.
106
[39] Alex W. Chao. Lecture notes on topics in accelerator physics. Technical report, nov
2002.
[40] Avishek Chatterjee, Kelvin Blaser, Michael Ehrlichman, David Rubin, and James
Shanks. Fast ion instability at cesrta. Proceedings of the 5th Int. Particle Accelerator
Conf., IPAC2014:Germany, 2014. doi: 10.18429/jacow-ipac2014- tupri036.
[41] Yves Baconnier. Neutralization of accelerator beams by ionization of the residual gas,
1985.
[42] Peter T. Gallager. Introduction to plasma physics: Magnetic mirroring. 2013.
107
APPENDIX A
BEAM DYNAMICS & TWISS PARAMETERS
A.1 DYNAMICS FROM TRANSFER MATRIX FORMALISM
One formalism of beam dynamics is the transfer matrix which allows the description
of movement of particles along the beamline [26,27]. The dynamics of a particle can be
discerned from the geometrical phase space also known as trace space contained in the
vector X(s) = (x, x′, y, y′, l, δ). s is the trajectory coordinate along the orbit, x and y denote
the horizontal and vertical displacement from the reference orbit and l is the longitudinal
displacement form the reference particle. x′ = dx
ds
and y′ = dy
ds
giving the horizontal and
vertical slope with respect to the orbit. Finally, δ = ∆p
p
is the relative momentum deviation.
Given forces within a linear system and initial conditions of (x, x′) the classical dynamics
can be calculated. With X(s) and the application of Lorentz force one can arrive at the
transfer matrix formalism of beam dynamics. The Lorentz force is given as F = q(E+v×B)
q being charge, E being the electric field, v being velocity and B the magnetic field. With
nonlinearities in E and B fields, the equation of motion for a charged particle cannot be
solved explicitly. The following derivations assume the particle resides in a region of linear
field [29, 30].














This differential equation has the solution:
u(s) = u0Cu(s) + u
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Where ui is the inhomogenious solution.
For Ku > 0: Cu(s) = cos(
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The longitudinal displacement l is given by:





























Ri are indices of the tranfer matrix. That is, the dynamics giving X(S) can be calculated
by the matrix equation:





Cx Sx 0 0 0 R16
C ′x S
′
x 0 0 0 R26
0 0 Cy Sy 0 R36
0 0 C ′y S
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y 0 R46
R51 R52 R53 R54 R55 R56
0 0 0 0 0 1


















































Finally, any linear dynamics can be capture by simply multiplying any number of transfer
matrices for different elements of a beamline [30]. Any sections of deflecting accelerating
fields or magnetic field, or combination of these, in a given section will have a unique transfer
matrix. The multiplication of each matrix will give the net dynamic result of any dynamics
as the particles are transported.
The relevant information to beam dynamics can be captured in Xf = Rn ·Rn−1...R1 ·Xi
A.2 EMITTANCE: A PHASE SPACE 2D ELLIPTICAL
PROJECTIONS
With the application of Liouvilles theorem we know that the full 6-dimensional phase
space area occupied by particles at any point is adequate to determine the occupied phase
space at any other point. It is common to use 2D projections for the full phase space to
analyze a fraction of the particles in what is called the 2D phase space ellipse [31].
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For the dynamic equation x′′ +Kx = 0 (for δ = 0) solutions are in the form of:
γx2 + 2αxx′ + βx′2 = a2 (48)
This equation is that of an ellipse with and enclosed area A=πa2. The transverse emit-
tance is give as ε = A
π
. γ, β and α are known as Twiss parameters and are related by terms
from the 2-dimensional transfer matrix [26].

























Note that this process describes transverse motion both horizontal and vertical with the
appropriately applied 2D transfer matrix.
A.2.1 EMITTANCE FROM BEAM MATRIX



















The beam matrix also transforms with the transfer matrix σ = Rσ0R
T from position s0
to s.
Determining 2D Emittance









each σij matirix is given statistically by
< i2 > < ij >
< ij > < j2 >








Finally, it is possible to multiply these geometric emittances by p
m0c
which gives a quantity
known as normalized trace space emittance and is useful in that is stays constant during
acceleration of the particles [33].
The combination of this statistical interpretation of beam dynamics and the process
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of normalizing the emittance is what enables the measurement and analysis of transverse




A point of interest to pursue in terms of future source design is the potential for layering
multiple harmonics of RF voltage onto the gridded thermion gun and the effect of this
could significantly shorten the bunch length without reducing the bunch charge. With
the correct application of multiple harmonics this can also make a uniform longitudinal
bunch profiles. Though this is not a feature of the current design begin, it is a possible
direction of future work. Several challenges accompany this concept like optimizing power
of each harmonic. Matching the RF signal to the grid for both harmonic frequencies. Phase
matching to produce the appropriate bunch profile. Many components are left to consider.
I will however provide the basic framework of how this concept operates. Beginning with
V = IR we rearrange this to write I(t) = g21Veff . For the case of a gridded gun this effective
potential is a combination of the DC voltage on the grid plus the voltage applied by the RF
minus the cut-off voltage. The cut-off voltage is again determined by the gun geometry, but
also the accelerating voltage of the gap in electrodes. Therefore, the effective voltage for a
grid with two harmonics would be written:
Veff = [VDC + (VRF1cos(ω1t+ θ1) + VRF2cos(ω2t+ θ2))]Vc (53)
Here V RFi are the peak voltages, ωi are the harmonic frequencies, and θi are the phase
of the RF signal. Adjusting these values precisely controls the current profiles and allowing
for generation of arbitrary profiles. By adding more harmonics, arbitrarily complex profiles
can be produced. The challenge at that point is an engineering problem for the reasons
mentioned earlier.
This equation must be integrated over time to get a function for the bunch charge. The
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desired bunch charge and length are then used to work backwards solving for the DC voltage,
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